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fne purpose of this projects was to determine how nign intensity
plast waves (impulse noise) affect tne auditory system.
Audiometric, physiological and anatomical measurements were
obtainad from chinchillas that were exposed to impulses of
155-164 43 peak sound pressure level, Tne traumatic effects of
the expusures were guite variable; some animals were essentially
unaffected wWwhile otners showed large threshold shifts and
signifizant hair cell losses. At frequencies wnere the exposure
caused a nearing loss there was also a loss of frequency
select.+ ity as det=rmined by either evoked response or
psychopnysical tuning curves (PTC). After exposure, the tips of
the psrchophysical znd evoxed response tuning curve3 were
freque-t.y displaczed to nigher or lower frequencies by as much as
an ocieva2. Tne tur=23nolds of single auditory nerve fibers with
cnaract=ristic fragueacies corresponding to the hearing loss were
also eievated; tne neural threshold shifts were often larger than
those o»redicted from the nearing loss data. Units with elevated
thresnc.ds had abacrmally broad tuning curves (TC). Sometimes
the thr:sholds in the tail of +the tuning curve wWere
hypersensitive aad iower than the thresnold at the characteristic
frequercy; conseguently, the tuning curves were "W" snaped. The
phenome..ocn of w21l nypersensitivity may contribute to the
displacement of the tips of psychophysical and evoked response
tuning z.rves. <The loss of cochlear hair cells was, in general,
correlavad with asural and behavioral threshold shifts; however,
sometimes thers were slight threshold elevations in the absence
of any significzat hair cell loss, Damage to the cochlea as a
result of exposure to blast trauma nhas been thought to result
from direct mechanizal damage to the tissue as wall as subtle
damage resulting form metabolic depletion. Direct mechanical
damage to the cociaieca (e.g., tearing and ripping of the organ of
Corti from thez “~silar membrane) was shown to occur immediately
after iupulse noise exposure. Even when animals were exposed to
the sane type oY blast wave, there was considerable variability
in the degree and pnattara of hearin  loss, the changes in tuning,
and the pattern of cochlear histopatanologies.
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1.0 Introduction

Military personnel are freguentiy exposed to brief acoustic
transients of nign intensity (blast waves) which ave particularly
hazardous to hecaring. It has proved exceedingly difficult to
detarnine which impulse noise expoaures are "safe" bacause the
amount of hearing loss resulting from a particular impulse noise
exposure is hignly variable botn within and across subjects (Luz
and dodze, 1971; Blakeslee, et al., 1978). Furthermore, impulse
noise henaves nmuch diff ernnuly than contiauous noise in terus of
the growth of nearinsg loss with stimulus level (Walker, 1970;
McRobert and Ward, 1973; Bames et al., 1973) and the recovery of
hearinz following exposure (Luz and Hodge, 1971; Henderson et
al., 15’%). The prahiems involved in developing a realistic
damage risk criteria Tor impulse noise are compounded by the fact
that ralatively l1ittle 1is known about how impulse noise affects
the auv:i-ory system

Barlier investizations have suggested that impulse noise mignt
affect L"= JatomxcaL structures of the cochlea in two different
Wways dep=znding on tae stimulus intensity. At low levels,

metabe. e cnanges sucn as atropny of the vascular supply,
depletinn of enujnes, swelling of nerve endings, etc. would be
the primcacy mechanism for cochlear destruction. High intensity
impuls=zs, on tha olunzr hand, would tend to produce immediate
structural chanz=: such as tears in the reticular lamina and
rupture of tight cali junctions (Luz and Hodge, 1971). Although
the prvoposad mecnanisus of cochlear damage resulting from impulse
noise exposure o2 interesting, there have been few comprechensive
attempts ac unl2rstanding what effects the various cocnlear
histopathologizs nuvz on hearing performance and on neural
activity in tne cochlea. Furthermore, there is little direct
evidence on the mecnanical effects that impulse noise has on the
cochlea, particularly immediately after exposure. Until the
underlying machanisms of impulse noise induced hearing loss are
better understond in terms of anatomical, physiological and
audiometriec c¢hanges, 1t may be difficult to develop a
satisfactory damage risk criteria for impulse noise exposure.

M

The purpose of tnis project was to develop a comprechensive
understanding of the effects that blast wave exposure has on the
auditory systen, The approach was to assess the audiometric
effects of 1impulse noise exposure by obtaining pre- and
post-exposure measure3 of threshold and frequency selectivity.
At the end of the audiometric testing , the animals were prepared
for single unit recordings from auditory nerve fibers. Estimates
of each unit's threshold, freguency selectivity, and spontaneous
activity were obtained from a large sample of auditory nerve
fibers. Since most fibers in the auditory nerve innervate a
single hair cell, the response of ecach fiber reflects the output
of a limited region of the basilar membrane. At the end of the
physiological experiments, the cochleas were fixed and analyzed
by light or scanning electron microscopy to determine the pattern
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of hair cell Loss and the other typaes of structural avnormalitie
in the cochlea. Tae goal of this pxoject was to correlate the
audiometric and physiological caangas witn the histopathologies
in the coecnlea. Additional anatomic2l studies were cacrried out
vo determine what types of histological changes occur lumedlately
after impulse noise exposure, i.e., structural or metabolic
changes.

Adult :iincaillas were used as subjects. The chinchillas that
were use2d for benavioral and evoked response testing were
anesihenized (sodium pentobarbital 50 mg/kg I.P.) and mnade
monaur:=. py surghlcal destruction of tne left cochnlea. Those
animalz taat were used exclusively for anatomical studies vwere
binaur.:..

2.2 Benavioral Testing

Behavioril testing was based upoa a shock avoidance conditioning
paradigm {3lakesiaz st al., 1978; Salvi et al., 1978). The
animai’'s nead was placed in a restraining yoke and was held in a
standiang »osition in the sound field. The animal registered a
response bty sliznt upward motion of the body which closes a
microswiisch., A ~3dified tracking procedure was used to estiwmate
the pure tone *.r,2ynnlds and tne tone-on-tone masked thresholds.
A stimulus trial consisted of a train of eight tone bursts (20 ms
on, 5 m3 rise-fall tinme, 2 bursts/sec). A response between
bursts one and fo wis recorded as a Hit and was followed by a
safety lignt (7.5 ). If the animals failed to respond by the
fifth burst the trial Wwas scored as a Miss and pulsed shock (1-5
mA) was delivered to the animal's tail except near threshold.

Pure tone tinresnoid testing began at a clearly audible level and
the intensity was reducsd by 10 dB after a correct response or

‘N increased in 10 43 after a Miss. After the second reversal, tae
Ma step size was decreaszed to 5 dB and 4 additional threshold
FQ crossings were obhtained and used to estimate threshold. A total
o of 48-72 thnresaold crossings were used to estimate threshold.

P

Tne procedures for obtaining psychophysical tuning curves have
been describzd previouasly (Salvi et al., 1932). A continuous
masking tone Wwis useld to mask the probe tone. The probe tone
(same as for tarvanoid testing) was presented at 15 dB seansation
level (SL) and iatroduced at random intervals. The animals were
trained to ignor> tne continuous masker and respond only when the
probe tone was presonted, A modified tracking procedure was used
to estimate tne level of the econtinuaosus masker necessary to mask

|
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. the probe tone. Tae ais<er evel was initially varied in 10 dB
?f steps and after the scconld reversal th step size was reduced to
{- 5 dB.
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w 2.3 Evoked reapoanss testing

Chronic electrodes were implanted in the vicinity of the infaorior
" colliculus using procedures outlined previously (Henderson et
- al., 1973; Salvi et at., 1982). The animals were tested using
W the same restraining yoke and acoustic equipment as that employced
o, in the bs2havioral experiments. Tne acoustic signals for evoked
v,

response testing were identical to those used in the bahavioral
experiuzzats exceplt thiit the probe tone was presented at a rate of
. 10/s.

. The elzcbtrical potsantials were filtered (300-1500 Hz), amplified
. (20,003 to 50, 000 tines) and led to a signal averager with
" artifa;; eject capaonility. The data were sampled at 25 kHz over

512 pol ﬂfs to obtuin a 20.48 ms analysis window. Normally, 512
samples Were collected; however, if a clear response was present
the av-razing prozes: was teruinated earlier. No effort was made
to messure the actuzi aunplitude o. the response since only the
trans:..on {roa thz prosence to the absence of the evoked
respons= ¥z5 U3Ci L0 make a Jjudgement regarding the absolute or
masked tnresholds
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Pure tcne nresno2la testing began at a level that produced a
clear evsxad response and then the level was reduced in 10 dB
steps until tn2 reonconse was just above the background noise.
Tne ste; size was inen reduced to 5 dB and additional samples
were taxen. Threshold was tne point midway between the hignest
intens 1y wher2 a response was absent and the lowest intensity
where « raesponz. «+ag present,

.
A s

»

5% 0N Y

s

Bvoked vresponse wmaskaed thresholds were determined with the
intensity of tiLne probe tone 15 dB above the evoked response
tiireshoid (see Salvi et al., 1982 for details). A continuous
pure tone masker wWwas then introduced and increased in level until
the evoked response produced by the probe was nearly obliterated.
Then the intensilty of the masker was varied in 5 dB steps and
additional samples were taken. Masked threshold was the
intensity midway bﬁcdnen the lowest intensity where a response
Wwas absent and the highest intensity where a esponse was
present, Masked <threshold was datermined using mnasker
frequencies above and below the probe frequency in order to
obtain a tuning curve.
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2.4 Single unit recordings .

Details of the experimental procedures can be found in earlier
reports (Salvi et al., 1978; Salvi et al.,, 1979; Salvi et al.,
1932). The animals ware anesthetized with Dial in urethane and
tracneotomized. A ball electrode Wwas place on the round window
to monitor the ccumpound action potential. Then the auditory

' nerve was exposed by a posterior fossa approach. Glass
microelectrodes (3 ¢ NaCl, 15-40 Mohas) were used to racord the
activity of single fibers. Spontaneous acitivity was sampled
from cacn fiber for 10 to 15 seconds and then tuning curves wvere
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] measured using a computer automated threshold tracking procedure

k) which uses a 1 spike difference batween the tone and no-tone
interval as the criterion for threshold (Libermaan, 1978; Salvi et
al., 1982).

) 2.5 Cochlcozrams

Y At the end of the paysiological experiments, the animals were
killed oy decapitation. Their cochlieas were fixed in cold, 2.5%
veronal acetate pburfzsred glutaraldenyde (pH 7.3) and post-fixed
in 1% vsronal acetate buffered 0s0,. If tpne animal had: (1)
suffere} a sizeable threshold snift or if significant changes in
tuning rad occured, and (2) if a large sample of single unit
thresno.3s were obtained, then tha cochlea was embedded in
Spurr's Low Viscosity Resin to alloW a more detailed analysis of
. the co:zalea. Other«ise tne sensory epithslium was dissected out
of tn2 <wzhlea and ncunted in glycerin. Witn botn procedures, a
cochls. piot~z2d using hair cell counts averaged over 0.2}
mm iant:-val tiaz organ of Corti. A hair cell was counted as
present :f c2li-nody cuticular plate complex was intact.
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2.6 Szanaing electnoa microscopy

Tne aniznls thal were prepared for scanning electron microscopy
were .:ied by deczgitation. The bullae were quickly removed and
the co.rlea wiguly c¢xposed. Tne round window membrane was
punctured and thr stipes was removad. Cold 5% glutaraldenyde in
veronal =zcetals vuatfer at pH 7.3 (630 mOs) was gently perfused
througiu thaz coc..2a through the round window Wwith a fine pipette.
The fixel cociil2>25 were stored overnight in a refrigerator, On
the foilowing day the cochleas were post-fixed with a
glutaraldehyde/osnaiun mixture in a 5:2 ratio. The gluteraldchyde
was prepared a2s in the initial fixation and the osmium was a 2%
aqueous solution. The cocenleas were post-fixed for 15 minutes
then denhydrated Wwita cold 35% ETOH and dissected down to the
desired turn. fluring the dissection, the stria vascularis and
spiral ligament were removed to roughly the level of the spiral
prominence. Tna basilar memorane was left attached to the bony
modiolus and the outar bony capsule. Reissner's membrane was
also removed. The remaining cochnlea was then rapidly dehydrated
in a cold graded ETOHd series (50, 70, 80, 95, 100%). The
cochleas wWere then critical poiunt dried with liquid 002 following
standard procedures, except that no rapid pressure changes wsare
allowed., Depressurization was over in a 10-15 minute period.
The specim2ns were then placed in a Denton DV502 vacuun
evaporator . and g2ntly brought under vacuua. Gold or

K gold-paladidm was sputtered onto the specimens using the Denton
) DSM-5A triode ,cold) sputtering hzad. Specimens were brought to
ambient pressure using dry nitrogen and mounted on to a stub
using conductive paint. The cochieas were then viewed using a
JEOL JSM-35 Scanning Electron Microscope. Sixteen chinchillas
followad this protocol at post-exposure survival times of 0 days
(i.e., immediately aftecr exposure), 1 day, 5 days, 10 days and 30
days.
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2.7 Blast wave e£posurss

The animals were exposed to impulses genarated by a compressed
ailr-driven shoz2x tube, Thne bdlast wave is delivercd througn a six
foot exponential hora and delivered into an anechoie enclosure.
Fhe blast wave has a Friedlander pressure-time profile. The top
panel in Figure 2.7.1 shows a typical pressure-time profile of
the blns3t Wwave. Tno non-reverberant wave has a A-duration of 1
to 1.5 .3, Tnz2 batton panzl of Figure 2.7.1 shows the amplitudz
spectrun of tne impui.ze. Much of the energy of ths impulse is
located at the low frequencies, i.e., below 300 Hz. The animals
in the aadiological nud pnysiological experiments were exposed at
grazin: incidence A total of 50 impulses were presented to each
ar.*mal 2t the race i one per wainute, The impulses were
presen:zd at eithar 155 dB or 160 dB. The animals that were used
in the ~iectron microscopy studlies were exposed to 100 impulses
(160 &7 2t tuzs racts of two per minute at normal incidence.

3.0 Zesaits
The results section aas been divided into three scections that
reflect rthe major cldvances made during the project. The first
section IZ=-als with uz=etnodological advances. The second section
is a soanusing 2iszz2iron microscopic (SEM) investigation tnat is
concer:-1 witrr &ths growtnh and development of cochlear
histopaciologies resuiting from impulse noise exposure., The
third -~=oui eximines the anatownical effects that occur after
e-posur2 and attempts to relate these changes to

¢ xnd phyaiological measures obtained from the same
animal,

3.1 Methnodolozical advances

Auditory evoked response tuning curves: Psychophysical tuning
curves (PiC) have been used extensively in human studiss to
obtain estimates of fregquency selectivity in normal and hearing
impaired listeners (Znistovieh, 1957; Small, 1959; Wightman et
al., 1977). Psycnopnysical tuning curves can also be collected
from animals {dcdez et al., 19706; Salvi et al., 1982);
unfortunately, wmany sonths of training may be needed to obtain a
sample of four to six tuning curves. At the start of this
project, we had colliected psychophysical tuning curves fron
approxiaately eignt cnincnillas, but over half of the animals
died from unknown causes before the anatomical and physiological
measurements could b2 obtained. Consequently, a great d=zal of
time and effort was expended without accomplishing our objective.
At this point, we realized that we needed a more efficient method
of obtaining tuning curves from the caninchilla if we were to
achieve the objectives of the grant. A review of the literature
suggested that it mignt be possible to obtain estimates of
frequency selectivity using the evoked response of tne chincnilla
(Henderson et al., 1973; Mitcneil and Fowler, 1980; Klein and
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dills, 1981).

The procedures for collecting evoked response tuining curves are
outlianad in the method saction and in a recent publication (Salvi
et al., 1982). Briafly, a probe tone at 15 dB above tha evoked
respon3e tnresnold is used to elicit a clear evoked potential,
Then a continuous pure tone masker is introduced and inecrcased in
inteusizy until it just abolishes the evok:d response elicited by
the pro~z tone. Whnan the masking procedure is carried over a
range oi frequenczies surrounding tne probe frequency one obtains
an evo~2d response tuning curve. The masked thresholds are
lowest in tne vicinity of the probe and rapidly increase witn
incresasing separatics between probe and masker frequency.

A comprehsnsive cozparison betWween the evoked response and
behavi-ra2l tuaing curves has been publisned and a reprint can be
found .. Appendix 1 {Salvi et al., 1982). Briefly, the evoked
respons= tuning cur:+s have nearly the same shape as those

obtainz=. pehavic:ally; the only systematic difference between the
two set of data w~2s thuat the evoked potential tuning curves wWere
elevat=1 5-15 above ¢

hie psychophysical tuning curves,. When the
two tyzas of tunin urves were normalized at their tips to
account for th: dilterence in sensitivity then there was
virtualiy no dif{ r=nce between the tuning curves obtained with
the tw. metnols. in nerms of effort expended, a set of six
tuning curves rc.,uires about three to four weeks to obtain with
the evnxaed response mathod while it takes approximately 6 months
using .zhaviora: couditioning methods.

In summary, it appcars tnat the evoked potential tuning curves
may provide a reasonably accurate substitute for the rather
time-consuaing psychopaysical tuning curves, particularly when

small differences in sensitivity are not considered important.

This is espacially true in studies of acoustic trauma where one
is primarily interestad in th2 changes in tuning rather tnan the
absolute esatimates of tuning.

3.2 Inner ear patnslozies following blast wave exposure

This section will review the anatouical results of blast wave
exposures in tne chinchilla that were obtained using the scanning
electron microscope (3EM). Two fundamentally different lesion
patterns are discussed: (1) lesions that are produced by severe
"mechanical" damagze to the organ of Cortli and (2) lesions that
are morae limited in c¢xtent and consist priwmarily of wissing
sensory cells with the structural elements of the organ of Corti
remaining essentially intact. The progressive dev:lopuent of the
lesion is folloWwed over a period of 30 days. Based upon
descriptive anatomy, the case 1is made that the scvere
"mecnanical" type lesions produce a somewhat different pattern of
sensory and supporting cell loss that has conscquences for the
mechanical transduction prosessas wWhich take place in the
cochlea. (Section 3.3 will attempt to relate tne paychophysical
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and physioloigecal recults to the diff rent lesion patterns.
Sowme animals discussed in Section 3.3, such as canincailla 60 and
366, have cocnleas typical of the manhanLCJl type lesions wnile
other animals, such as chincnillas 59 and 820, nave cocileas
typical of the limited "non—mechanipal" types of lesicns). A
numnber of papers have been publisbed on the dewvelopacnt of
cochlaar lesions following acoustic traunc. Tnese papers have
made a distinction betweza noilse-induced direct mechanical danage
to tne 2ochlea and a puttern of damage that is primarily the
result - metabolic processes (3cagley, 1965a-b; Stockuwell et
al., 19969; Voldrich, 1972; Voldrich and Ulenlova, 1980). There
are comfarativcly few micrographs 1in the lltc“>ture that
convincingly document a2 true stress failure of the cochlear
partit. n and the subsequent effects of such a lesion on the
sensory s=lements.

3.2.1 acRground: nlast waves, because of their very short

durati-n {on the ”der of milliseconds), .and high peak

intens.~ies, produc:z 2 mechanical impulse, } F dt, which results
? it hi

ilgh sStress loading on the vibrating cochlear
These excessive stresses result in a failure of the
juanctions znd subsequent damage to the organ of Corti
t of tns Lntermixing of endolymph and perilymph. The
followinz micrograpins illustrate the sequence of events that take
place 2a Lthe corgan of Corti when segments of the organ are
destro; 3 by blust wan

The 3:1, bacausc of 1its suitability for viewing the surface
structure of iav g2 areas of tissue, was chosen to document the
progrezs3ive dev=.opuaeint of the blast wave induced lesion. A
detailed protocol for all the histological procedures is
presented in the i{ethod section.

3.2.2 Resulits from normal, control animals: Figure 3.2.1
illustratas sevaral views of the sensory elements of the noraal
organ or Corti. Plate A in Figure 3.2.1 is a low magnification
view of the cochlza, dissccted down to approximately the first
turn., This 1is the area in which the majority of the blast wave
lesions were found, and is the location in whicn the greatest
mechanical dawage originated. The arrows in plate A in Figure
3.2.1 indicate tne spiralling area of the organ of Corti (note
the uniform appearance and texture of the tissue; compare wWwith
rigure 3.2.2). Pltates B, €, and D in Figure 3.2.1 are
enlargements shoWing areas of sensory cells from the cochlea
shown in plate 4. Note the regular arrangements of the inner
hair cells (IHC) and outer hair cells (0dC) in plate B, and the
"W" shaped and erect appearance of OHC stercocilia (plate C) and
the linear shape and erect appearance of the IHC stereocilia
typical of the normal organ of Corti.

3.2.3 Mechanical damage of the organ of Corti after blast wave

exposure:

Immediately after blast wave exposure (Figure 3.2.2 and 3.2.3):
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One day aft»

In plate A in figurc 3.2.2 the orsan of Corti (*) is torn loose
from its attachments along the basilar meabdbran: aad forms a
"snake-like" mass of degencerating cells which [loubts freely in
tha endolympnatic fluld of the acala media. fne tigsuz tuabt is
torn lonse conalsts of all the outer nair cells and their
supporting cellular network. A fracture line whican follows the
line o!f attacimoent between the second and third row of outer hair
cells extends into viable areas of tne organ of Corti (plate B,
Figure 2.2.2). Visible in plate B and C of rfigure 3.2.2 in the
area i L2 lesion are the outer pirllar cei. processes (P) and
tne disturbed cells of <laudius (C), as well as a variety of
sWwollen sensory cells (S) and otacr supporting cellular elements
of the organ of Corti, such as tne Dieters ceils (D). The inner
hair ¢=.1s (1) app=ir to be surprisingly intact in the most
severz :rga of the i-.ion (compare tnelr appearance to those in
the ccuntrol micrograpn of rigure 3,.2.1, plate B and D). Figure
3.2.3, riate A, itllustrates a curious phenoaenon that in the area
of thne uzin lesinn il of the outer hair cells have been ripped
E cuticatar plate attachmants medial to a fracture line
etWe.a ths osccond and third row of outer hair cells.
ar plate i3 left in the supporting matrix of the
an i Figurz? 3.2.3, plate B shows tnat the outer
rcgion of the main lesion display a
vncluding broxen c¢ilia (¢), fused citia

(Cz), o “tia (C Basalward to the main lesion the
organ 7 vact %gure 3.2.3, B and C), there are
nunerous & retlcular lamina (R). Further basalward
(Figure %,2.3, piwue V), the organ o” Corti is geunerally intact,
but trs cilia 27 -“he rirst row of outer hair cells are disrupted
and tn2r2 are aucreodus cytoplasmic extrusions (E) along the inner
hair ce!l ar

ray. I'ne second and third row of outer hair cells
appears realativoly noraal.

srposure (Figure 3.2.4 and 3.2.5): In Figure
3.2.4, plate and i, reimnants of the "snake-like" dislodged coil
of the organ of Coc,tl (*) are still visible, loose in the
endolymphatic space. The individual cellular elements are much
less distinct., Tune degeneration of the outer hair cells in areas
adjoining the main lesion is more advanced (Figure 3.2.4, plate C
and B) and there are very feW intact outer hair cells 1le ft over a
considerabie extent of tne organ of Corti,. There are still
numerous holes (l!li) into the perilyaphatic spaces (plate C and E).
ilowevar, many inner halr cells in ar=a of the main lesion (plate
B) still look Surprisingly noraal, while further basalward of tne
main lesion where the overall cell loss is less severe (plate D),
the inner hair cell cilia (I) are greatly disturted.

Scar formation in tha area of the main lesion is becoming evident
(s) (Figure 3.2.5, plate A). The inner hair cell cilia are still
comparatively normal. The inset show3 inner hair cell ciliia

basalward to the lesion where there was no actual hair cell loss
at one day after exposure, The inner hair cell cilia are

severely disturbad and fused. Some phagocytic types of cells (P)
are seen at this time on tne organ of Corti (Figure 3.2.5, plate




3), but they ars compirativ

y infregquant., In areas whoere the

el
"snaxke" was formed (figure 3.2.5, plate C), large crevices
(arrods) into tne peaeriiymrphatic spaces have not yet Dbeoen

coupletzly sealed off by scar tissue. Agaln, note the relatively
normal inner halr cell cilia (£).

Five days after exposure (Figure 3.2.6 and 3.2.7): In rigure
3.2.6, plate A, the free floating "snake-like" portion of the
organ ¢! Corti has essantially disappeared (*) and scar {ormation
(fFigure 3.2.0, plawvs B) appears advanced. Elewents of tie
reticular lamina aud of the outer halr cells are still visible
(0). I+2 rewaining inner and outer hair cell cilia (Figure

3.2.6, piate D) are severely disturbed in regions removed fron
the ma_. lesion, and there 1s no consistent pattern or preference
for daxage in any oparticular row of outer hair cells. (Note:
regions of the second row in plate A appear quite normal.,) Inner
nair co_.. e¢ilia {I) .2 the region of the main lesion (Figure
3.2.6, 2.ate C ¢ 2) do not appear fused or agglutinated as they
are in (e out -r cell cilia; nowever, there are numerous
cytoplasz2ic extirusions present along the inner hair cell array
and tas: ci miny inner hair cells are bent (arrow), most
often -~~>wa cer hair cells. Giant e¢ilia are not
frequenz.y seen. {n tne animals sacrificed five days after
exposure, phagocytlc cell types (P) begin to appear more
frequecstly {(Fizure 3.z.6, plate E).

{[/m
s

Figure 3.2.7 iitlusiroies a number of inner hair cell anomalies in
the r:-ion ol Lhe wain lesion aside from cilia defects. In
Figure 3.2.7, p.:va A and B, an ejection of tne cuticular plate
of one iancr rezir ¢oll (arrow) can b2 seen. In Figure 3.2.7
plate A, thng ciilia ar=s severely damaged while in plate B, the
cilia are surprisingly norwmal 1in appearance. Adjoining inner
hair c=113 and “heir c¢ilia often look completely normal even in
areas wnere inn.> pnair cells are found to be completely missing
(M), as in Figure 3.2.7 plate C. Tne pattern of outer hair cell
defects can abranptily enaage frowm primarily third row damage
(plate D) to onLy =ne third row being intact (sece O3 in plate E).

.2.8 and 3.2.9) The daunaged

Ten days after cxpous
inner hair cell aviiz (L) in Eigure 3.2.8, plate A, are in a more
advanced stage £ desenaration in many localized areas of thne
main lesion. +Figure 3.2.8, plates B and D, iliustrate that scar
tissue (3) originating frow tne area of tne Claudius cells and
Hensen cells has nearly completely sealed off the endolympnatic
space from th2 psasrilyaphatic space, except for some small narrow
rifts (H).: .In Fizure 3.2.8, plate C and D, considerable debris
(D) and phagocytic (P) activity can still be found on the
reticular lamina.

figure 3.2.9, plate A and B shows that while some areas of the
lesion have appsared to gtabilize, i.e., there i3 a nearly
complete layer of scar tissue (S), other localized arcas still
shoWw large opaniags into the perilymphatic space (figure 3.2.9 C
and D) in areas where elemeants of the organ of Corti are stitl
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degenerating. Note the relativeliy normat looking inner hair cell
cilia in rFfigure 3.2.9, plate C, in an arca wWwhere the pillar hcads
are severely dunaged.

Tairey days after cxposura (Figure 3.2 19 and 3.2.11): Flgure
3.2.10 illustrates taz appearance of t surface of the organ of
Corti cone moath after exposure. The org an of Corti sti'i appecars
to be undergoing degenerative changes. While the lesion 1is
nearly -ompletzly stabilized by scar tissue, there are still soue

restrict :d areas (arrows and inset) where there may be soae
comumunizthion b2tween endolymph- and perilymph~containing spaces.
The awncuant of debris (D) has been greatly reduced, but not
entirely, and the cilia are still extensively disrupted over wide
areas .. the rcmaining organ of Corti.

In the 2rea of the iuin lesion (Figure 3.2.11, plate A and B),
many iﬂ;;f hai 2ells appear grossly bnormal and phagocytic

"S

act1v1 P) is stLiil evident. Basalward to thz lesion (Figure
3.2. . L te T and &), inner and outer hair cell cilia are

La
extrem:_y damagzd W~ito the usual range of anomalies, e.g., fusion

(Cyy, ziant cili: (Cp) and disrupted cilia (C3). At this late
post~e&inosure nericd, thne cilia disturbances "may represent a
permanzit state damaged sensory epithelia or these cells
may cort_nue t. ; rate over a wmuch longer period than one
Wwould :wtlcipate L:Sc: upon data from threshold shift recovery
curves,

2.4 Nou- ia sensory cell lesions after blast wave
exg_su: 3.2.12, 3.2.13 and 3.2.14 illustratz the
appear':ze of tne crygan of COPtl at post-exposure times of 0
hours, 2ne day and 20 days spectively for animals thnat

sustained 2 Llower levzl of senoory cell damage from the blast
wave exposures {(Coucnleograms such as those from chinchillas 543R,
349R and 667R in Section 3.3 would be typical of sucn a level of
trauma). Variauility folloWwing impulse noise exposure is very
great, and the uLfferent classes of lesions described in this
ection reflect this variation. All animals prepared for the Siil
received the same blast wave exposure. Inmediately after
exposure (Figures 3.2.12), the most noticeable changes in the
sensory cell population are the disturbances of the cilia
(arrows), cytoplasmic extrusions (E£) along the inner hair cell
array, and occasional damaged scensory cells with communicating
holes in the reticular lamina (¥). One day after exposure
(rFigure 3.2.13), the outer hair cell (0) degeneration is well
advanced and while tha appearance of the inner hnair cells (I) is
somewhat variable, tney do not appear extensively damaged.
Thirty days after survival (figure 3.2.14), the outer hair cells
(0) appear to nava coapletely degeneracad in sowe areas (Figure
3.2.14, plate B, arrows), while in otner areas, the 0iHC loss is
partial (Figure 3.2.14, plate A) and the 0HC appear to still be
degenarating. The arcas of wmissing s8ensory cells are covered by
scar tiscue (S). In som=2 areas, the outer hair cell 1033 is
accompanied by severcly damaged inner (1) hair cells (rfigure
3.2.14, plate C) and in some cases, very restricted lesions
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(arrows) Wwith coaplete loss of all sensory and supporting cclls.,
Even at this late date, debris (D) is still evident on the organ
of Corti. (Tissue in some lesioned areas 1s weakened and tnus

fracturad during preparvation. A = artifact.)

3.2.5 Lesions of tae

tne couductive system: While the variability
seen 1in ths effects of blast wWaves on hearing can not be
complaet2ly explained, onc definite contributing factor 1is a
change :n the conductive properties of the middle and external
ear. i bnis SEM s3tudy, all animals were examined immediately
after exposure., In approximately 45% of the upstream ears (i.e.,
tympani: wmembrane perpandicular to the shock tube), a rip in the
tympanic membrane w:s found. Tne typical appearance of the tears
is ill:.orated in Figure 3.2.15,. Associated with the tears was
bleeding betwezn the cpithelial layers of the tywmpanic membrane
and thz Tormation of hemotowmas. Often animals without tears also
showed " 12 bleeding iadicating excessive stress in the tympanic
mnmemorar. .

C
o
L

3.2.6 .on o) A variety of lesions were obtained from the
160 d8 blast wavs axposures, but in general, they could be broken
down . %0 twWo tynz2i: (a) severe mechanically-induced damage
associnn~>3l with tne Ysnake-like" ribbon of detached sensory and
supportyriz cells. and (b) sensory cell lesions (predominantly
outer -~air zells) tha.s are not produced by any obvious mechanical
disrup..n of utn2 reticular lamina.

A noil. --~Iniu2>d acchaaical separation of the outer hair cells
from tr.ir m2l1i. . atnacihments to the pillar cell heads serves to
protect tae ianor halr cells in those same areas of the organ of
Corti. L_arze auabt2ers of IHC with intact cilia survive to the 30
day post-zxpos.re point, while basalward of the "snake-like"

lesion, not only are the 0HiCs severely damaged, but IHC cilia
show severe disiarvanes5 within the first day after exposure.

Changzzs ita tae umecrnainical coupling of traveling wave mechanisms
in the denud~! »reas »f the organ of Corti are hypothesized to
account Tor tne lim.ted protection afforded the IHC. This

pattern of inner halr cell degeneration is nuch different from
that se=2n folicwiug continuous noise or low-level impulse noise
eXposuraes where large seswuents of the OHC are seldom ripped away
from the rest of the organ of Corti. The degenerative changes on
tha orzan of Corti following impulse noise exposure have not
stopp24 arter 30 days, while the indications from audiometry are
that hearing th?ednuxuS have stabilized by 30 days after
exposurea,

3.3 Psycnophysicual, physiological and anatomical correlates

E
\ Y
~
’-
~

As stated earlier, one of the goals of this project was to
determine the audiolozical, physiological and anatomical changes
that occur as a resualt of biast wave exposures. Since the
traumatizing effects of tha2se cxposures vary considerably fron
one animal to the next, 1t 13 not particularly useful to
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"avarage" the results ucross groups of animals., Thus, this
segment of ths report will focus on thz anatomical, physiologlical
and audiometeric changes tLhat occur witnin individual animals and
aa etrfort will be made to study tne Lnterrelationzhips betwaen
the taree sats of umeasures.,

At tne outset of the project, a coasiderable amount of tluwe was
spent aollecting benavioral audioszrans and tuning curves fron
appr»xintely clgnt echinchilias. Unfortunately, before the
piysisiitical experiaeats could p2 carried out most of the
animals died at about the same time; autopslies on several animals
failed 10 rewveal the cause of deathn. This was a serious setback
for th: grant becausz a substantial amount of time was investead
ing venvioral data, Rather than collect additional
data usliag the tims consuming benavioral techniques, we chose to
ffilcitznt evoked potezntial method for obtaining
estima-=: of thraosholds and tuning curves from a second group of

animal: {(zee Sastion 3.1 above). Thus, most of the data
presen. -: t2low conz2s om animals testad with the evoked
respons=s L2 111u=-; nowever, some data were available from a few

behaviorail trained animals.

"<D

A totei 27 19 2.ailmals were exposed to either 155 dB or 160 dB
peak SPL Diasi w: . Tne varialbe naturczc of the lesions allowed
the d=z-a tou t2 arzanlzed around four basic lesions types
regard:-:5 of erzosurs conditions., The four lesions and animals
in each catagory ars=

(A) Sevapa : :ar to basal lesions. Animals 603, 59, 60,
366, 759, 31U, .5, 852.

(8) Large but scatiered losses across the whole cochlea. Animal
820.

(C) Narrow focal lesions. Animals 543, 607, 925.
(D) iLittle or no call loss. Animals 117, 940, 860.

In addition to thess animals, limited data are presented on four
additional nimais tnat did not complete the experimental
protocol because they died pre1aturely for wvarious recasons.
These animals are 113, 547, 552, and 557. Of the nineteen
animals exposed to blast waves only 11 animals completed the
entire protoconl whicn included audiometric testing, single unit
recordings from auditory nerve fibers and cochlear anatomy. The
data from each animal are briefly discussed below.

3.3.1 Cninchilla 59Y:

Psychophysical results: Cninchilla %9 was exposed to 50 impulses
having a peak 3PL of 1060 dB and an A-duration of 1 ms. The pra2-
and post-exposure aulingram obbtiined with tone bursts of 20 ns
duration are snown in Figure 3.3.0. The anitmael devoloped a 30 to

4o dB hearing loss at the probe tone froequeancies used to collect
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the p3yenophyainal tuning curves

. The psycaopnysleal ftunirg

i
(Fisgure 3.3,1-3.3.2) nave

curves obbtaiasd at .4 and 1.0 kilz
bzeome tach nore drondly tunad as a result of the esposure. The
tuntiag curves Llazk o abarply tuncd tip resion dus tc o sreatopr

loss o0 sensibivity in the tip o0F the curve than in tLhe Lail,

inat 1,
o Law o pas

tetwren Lae dntenstity of the probe relative to a nmasker of
e}

Jawrlear Ureguaeacy.
beifor

reguir ol to naslic one peohe, It A
paraap s Lt 13 relatnd to ths abno
along “6:r cochlear pariition or t
such &« - Heats and convination ton

Masker and pr

The tuniag
at 2 w. -

"Wt st -1 due b

—~
"

1 kiz
probz

n2 invtorprivation of th
! ctected by

This ause the thresholds at the low frequencies
are les T ; necar 2 kHz; thus the spectral spread of
energy fromotne probe would be wmore likely to activate units
having rharacteristic frequencies (CFs) near 1 kilz. An

alternacive expl.prustion is that n

"Wt zrozed tuning ecurves, but ar

. oriuanately, this

sycnopnvsiczl tuning curves

3.4-3.3.6) also showed

ne tuning curve than
tipz of

curves at 4 and 11,2 kidz still ha

: ure 3.3.8 shows
chincnilla 59. 2

loss of OHC near the 4.0 kilz regi
and tuning below #4.0 correlatsd r
of hair cell loss; noWever, there
above. At the high frzquencies,

sensitivity yet little or no hair cell. It is difficult to

account for tnis discrepanzy; it

error (e.g., a change in tne animal's criterion) or it might be

due to subtle histopathologies in

that are not detected Iin the sim

cochlea was embedded in plastic,
inveatigated in more detall by

poasare, bLun alter exposure nucn highar mositer 1oavod

abnoruaiities for chinchilla 59 were most pronounced I
ilzure 3.3.3) where the post-exposurc tuning curve 1o

¢ vwo distinet threshold wminima; the first at the
probz I "szjuency of » Hz and a second and lower minima located at !

rather than those at the 2 kHz region.

than at CF (Liberman and Kiang, 1978; Salvi et

cause the animal died bcefore further testing

the tuning curves are generally broader, the

re is a substantial loss of OilC between the
0.7 and 2.8 kilz rzgions of the cochlea plus a small secondary

tha cvuniaz carves nave baon transforucd from bond paos
33 'ilroprs One notewortity point is tnee rclaztioashin

v

b2 intensities are nearly cgual

%)

o
M

s not clcar why this occurs, but
raally broad excitation pattoern
o "off-frezquency" listenin, cues
e3 (Wener et al., 1980).

ese results is that the 2 kiiz
neurons innervating the 1 xilz

eurons with CFs near 2 kliz have
¢ actually more sensitive to

issue could not be explored

obtained at 4, 8, and 11.2 kH=z
a greater loss in sensitivity in
in the tail following exposure.

ve a remnant of a short, narrow
the pattern of hair cell loss in

on. The changes in sensitivity
casonably well with the pattern
is a discrepancy at 4.0 kiz and

there is a losas of tuning and
could be due to measurement

the basal rezion of the cochilea
ple cochleogran. Since thne
the lutter hypothosis can be
scctioning the cochlea and




Tl Nt Al S D el Nl N VA ¥ A B e 4 Yl b 2 T A MACh S il > Al Ay S SR R\ A~ i aflad 0 A0 Saliait S bdh B Al AL A i i S i

stulying tne region by olcciron Or hign power lizht microscopy.

3.3.2 Chinebitla Cu

5 SUNRL Cninenllila 60 was also exposed ab the !
per iaube o w0 impulses havins a peak SPL of 160 dB.
Silgure 3.3.8 shows oe pre- and post-cexposurz behavioral
thrastunlds obtalaed sibn 20 w3 tonsz bursts. There is little loss
in senc.otivity a2t 0. kKHz, howaver, tnore is a 30 to 50 d3
elevar.on ol the thurashoids bhoitwaen 1.0 and 11.2 kHsz. The

post-egxtlsure psycnouayslcal tuning curve obtained at 0.5 kHz
(Figure 3.3.Y) snoess approximately a 10 4B upward shift, but the
shape - tne tuning 2.wve 1z nearly the same as bpefore the

exposur., lLlL.e., tn2re Ls 1little change in tuning. The
post-exodsure Luninz curves obtained at 1 kdz (Figure 3.3.10), 4
kidz (0. :re 3. 2, B wHdz (Figure 3.3.13) and 11.2 kHz (Figure
3.3.147 2.1 show = irastic loss of sensitivity in the tip region
50 tha- 2 - i*2 extremely broad following exposure. The
in tuning, hnhowever, took placc at 2 kilz

-

nost pro 7o
ne 2 kHz tuning curve was extremely broad and

(Figure

faited ris pass cutoff over the range of frequencies
tested. Tns losaat polnt on the tuning curve was at 5 kdz, over
2 noob2; one interpretation of these results is

an octavs auLovz T
that ths 2 xlz pr.le= tone is activating neurons associated with
the 5 'z regi- > ot Ltne cochlea. This 1nterpretation is
consistenc with thae fact that the L4-5 kidz region is the most
sensit ve point on o tne audiogram., It is also interesting to note
that 1 sezn 2is 6f the tuning curves obtained at 2, 8 and
1T1.2 K= :

r:cner closely sugzesting that the three probe
stimuli may be exz2itliag siwmilar regions of the cochlea.

[ R g

is difficult to make a direct comparison
nd bahavioral data due to the potential
ard surgery (Hawkins et al., 1978) and also

beuwevn thie
effects of

because of a istic differencen especially from 2-6 kiz)
introduced by thn=2 ouber car transfer function (von Biswmark,
1967) ., Nevaertnziess thare are interesting relationships between
the two 3e2ts of data, Unit 5% (rigure 3.3.15) is typlical of
units with Cis near 5.6 wilz; the tuning curve 1s nearly as sharp
as that observed behaviorally at 0.5 kilz although the two curves
are not idencicault, The tuning curves become nore distorted at
highar rrequencies. I'nh=2 lowest point on the tuning curve of unit
b (Figure 3,3..5) 13 near 0,17 kilz; howevor, the Cf was estimated
to be at 0.¢ kilz is present necar the high

o}

nzar the nobtch which
frequency cutoif of tne tuning ourve. Relative to the
psyecnophysiecal tuning curve, the neural tuning curve nas a nmuch
lower threshold in fn~ Jow freguiency tail; thus, the neural and
psycnopnysical curvns nave somawihit different shapes. No units
were encountared in tne 1.5 2.5 kidz rezgion; this would appear to
be consistent withn t 2 lack of a tip and high frequancy cutoff

hys 101L tuning curve. Few high-CF units
E t

for the 2.0 iz psycnO{
-~ were cncounterced and mos ol hes> pad oifs around % and 5 kHea.
~ Unit 25 (Figure 3.3.19) nas o very hign threshold and 1is so
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i, croadly tuned that it is difficult to assign a CFf. A reasonable

"y estimate of the CF of unit 25 is 2.8 kHz, since this is aear the
nigh frequency cutoff of the tuning curve; however, it 1is

& possible that the original Cf of tne unit may actually be muach

ﬁ higner bzacause of damage to the cocnlea (Robertson et al., 1980).
» Unit 24 had a tip orf about 15 dB in depth ncar 4 kHz and a very

': high threshold. The neural tuning curves in the 3-5% kilz region
q bear so2ua2 reseablance to the psychopnysical tuning curves at 4
and 8 iz, The tuning curve of unit 43 (Figure 3.3,.,19) was one
= of whe ".st distorted; in fact, 1t was not possible to estimate
o the Cf {probadly nesr 16 kHz) since the high frequency slope
Ay could n.t be measured in the 14-20 kHz region dues to the limited
- output of our acoustic systen.
Anatomir: data: Figure 3.20 shows the degree of inner (IHC) and
y outer cell (OHU)} loss as a function of location in the
- cochl=: ~ad a3 a function of frequency (Eldredge, 1977). There
:, is nex. -y a c¢conplaete loss of 0HC from the base to the 0.9 kHz
i region I the cocnl-2 and a 20-40% loss extending up to the apex.
ot There i3 aiso a zubstantial loss of IHC from 1.5-3.5 kHz and from
) 5.5-10 kifiz. The lacx of IHC and OHC is correlated with the
; absence o nerve ibers with CFs between 1.5-3.5 kHz and between
- 6-10 kiz. There are a few units near 5 kHz which presumably
- innervacs the recaining [HIC from this cochnlear region; however,

almos® no unit witn Ldentifiable CFs were found at higher
frequern:.es even thougn IHCs were present. It is interesting
that the lowest goint on the psychophysical tuning curves
obtain-Z 2t 2, %, 8 and 11.2 kHz is near 5 kHz, i.e., a narrow
region uwnare Ii. ani active nerve fibers were found. The
smallast icos (*0-30%) of hairs cell was found beclow 1 kHz; not
surprisiaziy, the uanlt thresholds and tuning curves were
relatively norwmali in this region. Except for the region above 10
kHz, tinere 1is reasonably good correspondance between the
anatomical, physisliogical and psychophysical data.

N
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v 3.3.3 Chinenilla 117:

! Psychophysical data: Chinehilla 117 was exposed to 50 impulses
;ﬂ having a peax 321, of 160 dB. In contrast to the preceeding

’ animals, there was essentially no change in the psychopihysical
j thresholds as a resuit of the exposure (Figure 3.3.21).

y Furthnsraore, most of the psychophysical tuning curves (Figures

3.3.22-3.3.27) s3how rather minor changes in shape as a result of
the exposure. The only exception occurs at 8 kHz where the
tuning curve is shifted upward and the tip of the tuning curve 1is
truncated.

Single unit data: Representative single unit tuning curves that
span most of the audiograwm are shown in Figures 3.3.28-3.3.32.
The minimum thresholds of the units are relatively low and the
tuning curves are for the mo3t part narrowly tuned. The
thresnold of unit 68 (C¥ near 0.5 kdz), however, is elevated
somewhat and the tuning curve is slightly broader than noraal.
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It was our impression tnat some of the low frequency units with
Cfs in the G.4-1.5 kiz runge showed somevhat abnormal tuning and
sensitivity, but tnis was not an overwhelming effect. In
general, the hLast wave exposure seeazd Lo have little effect on
the single fib>r activity in caianchilla 117.

Aﬂatogvg_l data: Figurs 3.3.33 contains the cochleogran of
chinchilla 117. Tth animal sustained little or no hair cell
loss as a result of the cxp sure. The lack of any significant

»
histop=::0logies 13 consistent withn the Dbehavioral and
physioiogical data whnich indicated that the auditory system was
normal after exposure

nearly

3.3.4  Cninchilla 138:

Psychor..rsical data: Chinchilla 118 was exposed to 50 impulses
havxng > peak SPL o 150 dB. This animal died of unknown causes
before tne post-exposure protocol could be completed,
conseq:satly only limited data are available. The audiogram in
Figure 3.3.34 shows a low threshold region at 4,0 kHz where the
loss is sensitivity is only 10 dB; the thresholds at higher (8.0
kidz) anc lowzr (1.0, 2.0 kHz) frequencies were elevated roughly

b4
20 to 3. JB. T:: previous results from cninchilla 59 suggest
that t..1s 104 “hr-.n3.4 island might result in tuning curves with
displac-! tips.

The 1.2 ¥ilz taalng curve (Figure 3.3.35) shows a greater loss in
sensitivity in - . tip of the tuning curve tnan in the tail; the
tip of tas cuivr: h 5 become extremely broad and the most

effective mazudiaz trequancy has shifted downward from 1.0 kHz.
Presumably the re;ps*:s to the probe tone is now being mediatcd
primarily frem the 0.4 kidz region of the cochlea rather than fron
the 1.0 kiz reg‘ou. Mfore severe changes in tuning occured at 2.0
kHz (figure 3.3.30}; Lno tip of the curve has snifted downward to
1.0 kilz and the tip is extremely broad and irregular. It is
somewhat surprising tnau the tip of the tuning curve was not
displaced toward hizher frequencices since the sensitivity and
tuning in thz 4.0 kidz region is reasonably good as shown in
Figure 3.3.37. Th=2 turing curve at 8.0 kiiz (Figure 3.3.38) is
simply shifted upward in the tip region with almost no change in
sensitivity in the low frequency tail. Unfortunately no single
unit or anatonical data are available since the animal died
tefore tne data could be collected.

3.35 Chincnilla 365b:

cvoked potential data:

The evoked response audiograms of chinchilla 366 are shown in
Figure 3.3.39. There was a 15 dB8 loss near 0.5 kHz which
increased to 40-50 d3 at 1.0 and 2.0 kiiz. At the highnest
frequencies (8.0 and 11.2 kHz), the thresholds wocre nearly
normal. The low frequency tail of the 0.5 kiz tuning curve




(Figure 3.3.4)) snowed lLittle echange in sensitivity; however, the
tip ragieon wus clevatad approxilimately 15 dB and thraosholds along
the nign-fregiznecy Lley were clevated by as mucnh as L40-00 dB.
Consequently, tn2 banlduidth ot the tuning curve was not
substantially altered evan though there was a losa in
sensitivity. Tn thresihold clevations along the
higah-rre.gjuznecy slopz ar probably related to the mid-frequency
hearing ioss, it.e., after the exposure, few mid-frequenz2y units
(1.0-2.7 xhliz) contrivute to the response elicited by the probe
and tnzerocfore the hligh-frequency leg of thne tuning curve is
shifte! toward lower freguencies,. In the region of maximun
heaving Loss, there wWwere significaat alterations in tuning. Both
the 1.9 2nd 2.0 kdz tuning curves (Figure 3.3.41-3.3.42) were
extrenm:-.y broad and th=re was only a small rcunant of a tip at
the prone frequency. The 4.0 kHz tuning curve (Figure 3.3.43)
showed > lo0s3 in sensitivity of 15-20 dB near the tip and little
or no :I-nange a2t otihsr frequencies, Relatively insignificant
change: f i sean at the 8.0 and 11.2 kdz tuning curves
(Figur=s

92}

Single unit data: The single unit thresholds, for the most part,

follow 3 the g¢ontour of the evoked response audiogran. Units
with Crs near 0.7 kdz had slightly elevated thresholds and showed

little in tuning (Figure 3.3.46.). The tuning
curves 1 aad °"tremuly broad but discernable tips and
high th-:3anolds ¥igure 3.3.47). Units with CFs near 4.0 kHz had
"Y' snpnapad tuning curves with hypersensitive tails. The minimunm
thresnzid of wuanlt 4 (Figure 3.3.48), for example, 1is
approxinatzly - d3 at 1.2 kHz; however, the threshold at tne CF

ely .0 widz) is rougnhly 12 dB higner. It is important
t thz threshold near 1.0 kHz for unit 4 is roughly
10-15 iower than that of unit 45 (Figure 3.3.H7) whose CF 1is near
1 kHz. Furtazrmore, the thresholds in the tail (near 1 kHz) of
tnis 3 kdz unit are coaprarable to the evoked response thresholds
near 1 kHz. Taus, in pathological ears, high CF units may make a
siganificant centribuftion to the neural and/or behavioral
respons<es obtained with low frequency signals. Among ths high-CF
units, the tip of the tuning curve was segregated from the tail
region by a significant high threshold notch as illustrated in
units 127 (Figure 3.3.50) and 126 (Figure 3.3.51). This notch
wa3 absent in th2 evo<ad response tuning curves; however, the
discrepancy may not be as serious as it seems since the evoked
potential tuning curwves would also show a noten in the 2-5 kiiz
region if corroction was made for the outer ear transfer function
(von Bismark, 1967). Also note that the thresholds in the tail
of th2 tuning curve are as low as 60-70 dB near 1-2 kidz; azgain,
this illustrares that the high-Cf units could contribute to thz
responses obtained with low [reguency signals

e e .
St S

.'..

Anatomical datua: The cochleogram of chinchitla 3606 (Figure
52) shnowed a significant loss of OHC and a mild loss of INC
from about tn2 0.9 to 6.0 kHz region of the cocnlea; only a few
hair cells were missing in other regions. The region of outer
hair c¢cell loss is in reasonably good agreement with tne pattern
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‘o of threshold shift seen in Figure 3.3.39. Furithermore, th2
™, cnanges in tuning are most sevzre In tne raegion of outzar hair
cell loss. It intercsting that there is little or no hair cell
¢ loss above the § kHz raegilon of the cochlea; however, the single
W\ unit tuning curves from tnls rczgion have a hign threshold notch
;Q batween the tip and tall region and the thresholds in tnz tail of
‘2 the tuning curve actuzlly appecar to be more scnsitive than normal
’ (i.e., hypersensitiva). In the middle of the cochlea there 1is
complet2 loss of QOHC axtending over about two octaves with little
) losz o HC. Units presuwmably innervating the region devoid of
? QHCs sh»owed significant tureshold snifts; 1in addition, their
" tuning surves were frequently "W" shaped (e.g., Figure 3.3.48)
R Wwita tnes thresnolds in the tail being lower than in the tip.
»
o 3.36 Cominchilla h53:
Pl
- Evoked -ozen Chinchilla U459 was exposed to 50 impulses
i having a4 pezak 150 dB at the rate of 1 per minute. As a
a2 result < the , the animal sustained a threshold shift of
. 40-50 43 at .2 ktlz and little or no loss at 1lower
N fregquen-ies .3.53). There wWere only slight changes in
'{ tuning :3 0, kHz (Figure 3.3.54-3.3.55) after exposure;
g however, the ning curve (Figure 3.3.56) snowed sone
- peculiz> cnanges. The masked thresholds at 2 kHz (Figure 3.3.56)
- Wwere elzvated somewnat on either side of the tip, but not at the
tip itself; concogns 9t]y the tip region was actually narrawer
- after ~xposurzs, It is not clear whether these unusual changes in
A tuning were rea’ or du2 to measurement error. The small loss in
- sensitivity at % kids was correlated with a slight elevation in
b the tip of the ¥ k¥z tuning curve (Figure 3.3.57). At 8 kH=z
e Wwhere the loss was wore substantial, the tip of the tuning curve
. was shifted downward to 6 kHz and the tip of the curve was wider
" than normal (riguare 3.3.58). There was also a substantial loss
Xy in sensitivity at 11.2 kHz and the masked thresholds were
R extremely nigh nesr 11 kHz, Due to a technical error, the
E remainder of the tuning curve was not measured; however, it secems
h likely that the tip uf the 11.2 kliz would have been displaced
I toward lower freguencies similar to what occured at 8 kilz.
2 Single unit data: The auditory nerve fibers from units with CFs
N below 4.0 kilz had relatively low thresholds and their tuning
. curves were narrodly tuned as illustrated in Figure
o 3.3.60-3.3.63. However, just above 4.0 kidz there was a drastic
b~ change in tuning. Unit 14 (fFigure 3.3.64), for example, has a Cr
} near 5,0 kHz and a very sharp tip; nhowever, the thresholds at CF
n are as much a3 20 d3 above those in the tail of the tuning curve.
< As a result, the tuning curve has a "W" shape with a mininumn
2 threshold near 1.8 kidz. The tuning curve of unit 133 (Figure
3.3.65) has a broad "U" shape maxing it difficult to assign a CF
. to the unit; since the high freguency cutoff of the tuning curve
K i3 near 9.0 kilz it iy reasonabie to assuae that the CF ol the
- unit was rougly 7-38 kilz. The tuning eurve of unit 60 (Fignure
: 3.3.66) has two segments, one Wwith a threshold minima
o -27-
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near 1.5 kHz. flowever, it is unlikely that this is a low Cf unii

since other units in thnis region wer quite sensitive.

-
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nzar 12.0 kdz. Unit (U presumably
one cannot accurately acssign a CfF si
poorly defined over the range of inte
unit.

1lgn Creguency unlit, bnt
the tuning curve is
ities used to test ths
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Furtheranore, the unit reoponded to a narrow rang” of fregucacies
i n
2

a
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The coolhiiea of chincnilla 459 (Figure 3.3.67) shows little or no

hair e« .t loss up to about the 4.0 kilz region of the cocialea.
dowev2r, in tnhe regsion Detween 4.0 and 16.0 kHz therc is a
substa; :al loss of CHC and a small loss of IHC., The location of
th l;sst correlates, extremely well with frequencies that show a
]Oob ¢ sensitivity in the evoked response audiogranm. The
audits: . asrve fiberas that innervate the region of hair cell loss
show 2 s:3ni flcauh 1333 in sensitivity and abnormal tuning. One
1nterc*';n; {indinz 13 that units with CFs corresponding to the
low-fr:zu2ncy gdze of tne lesion have "W" shaped tuning curves
similar o that shown in Figure 3.3.64, i.e., the thresholds near
the C& zire nmuch hizgher than those in the tail and there is a
distinc: notch Catwien the tip and tail segements of the tuning

curve. Dther uslts with CFs within the lesion had "U" shaped
tuning: ~urves.

3.3.7 Crineallls 510

Evoked . -sponss fi&ii ninchilla 510 was exposed at the rate of
1 per mitute to 53 iupulses having a peak SPL of 160 dB. After
the exposure tne aninal developed a hearing loss of approximately
4o 48 at 2 kﬂz and rclatively small loss at other frequencies

a
At 6.5, 1.0, 4,0, 8.0, and 11.2 kHz (Figures
3.3.69, 3.3. U 3.3.72, 3.3.73, and 3.3.74) where the thresholds
were nearly al, the evoked response tuning curves showed
little or no change ian frequency selectivity. On the other hand,
at 2 kdz where the threshold is elevated, the post-exposure
tuning curve is extremely broad so that the tip is nearly flat
for more than two octaves (figure 3.3.71). In addition, the high
passa cutoff of the tuniag curve is shifted toward higher
frequencies; this suggests that regions of the cochlea basalward
to the 2 kHz region of the cochlea may be contributing to the
response, This animal died after the post-exposurce evoked
potential tuning curves were collected; consequently, single unit
data are not available.

(Figur=s 3.3.68
T
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Anatomical data: Figuce 3.3.75 contains the cochleogram of
chincnilia 510. There 1s an extensaive loss of OHC betwa=sn the
1.0 and 4.0 kidz regions of the cocnlea. The location of thz
lesion correlates with a significant loss of tuning and loss of
sensitivity at 2 kidaz. Other frequencies showed losses in
sensitivity of approximately 5-10 dB; hnowever, there was little
or no hair cell lo3s related to the change in sensitivity.
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3.3.3 Cnincnilia H43:

_______ Cninechil
navinzg a peax SPL of 160 dB. After exposure, the thresholds wer
elevated 20 ©o 40 d5 at 8 and 11.2 kiz; the low frequency
thresholds, on the other hand, were nearly normal (Figure
3.3.76:- The tuning curves at 0.5, 1.0, 4.0 and 8.0 showed
litele = ¢ as a result of the exposure (figures 3.3.77,
3.3.78, 3.3,80, 3.3.31). The 2.0 %Hz tuning curve (Figure
3.3.79) was shifted upwards and showed some anomalies in tnz tip
c
e

Lla 543 was exposed to 50 impulses
re

region wil is surprising given the small threshold shift at
this - :3u The most significant changes in tuning occured
at 11.>» & ure 3.3.82) where the hearing loss was greatest.
The tiu of tns 11,2 kHz tuning curve was lost and the lowest
point .: the curvz was shifted downward to 7 kHz. Thus, the high
ariag loss was again correlated with a significant

Single unit data: fost of the units with CFs below 4.0 kHz had
relati~=2ly low tnrssnolds and showed reasonably good tuning;
these r=suits are in «ceping Wwith the lack of threshold shift
observed | the w«vowaed response at these frequencies (Figures
3.3.83-:.3.3995). vn2 tuning curves became progressively abnormal
as the 7 incerc.sed above 4.0 kHz. Although unit 83 (Figure
3.3.86) has a re:ativaely normal tip near 4.0 kHz, there is a high
thresro.< nmot2h tn taz tail of tuning curve. Unit 115 (Figure

3.3.87; nas =2 O a2z 8 kdz and the tuning curve is much broader
than tnhnzz 322 =% loser frequencies. The tuning curve of unit
128 (fFizure 3.3.57) nes two tips, one at 10.0 kHz, near the nigh

5y

pass cuto:f, and 4« sccond more sensitive tip near 3 kHz which is
separatad frowm “hs C¥ by a high tnreshold notcn. Thus, the
single unit tun @y curves shou the same variation across
frequency a3 tus evokad response tuning curves.

Anatoxical data: The cochleogram of chinchilla 543 is shown in
Figure 3.3.89. Phere i3 only a small scattered loss of hair
cells below the 7.0 kidz region of the cocnlea. However, from
about the 7.0

to 17.0 ks region of the cochlea there is a
significant loss of 0d4C. The location of this lesion in the high
frequeacy rezion of the cochlea 13 well correlated with the
pattern of thresnold shift observed Wwith the cvoked response and
singl= ribera. “urthermore, in regions where the evoked response
and single unit tnresholds were elevated there was a significant
loss of tuning in the evoked resdponse and single unit data.

3.3.9 Chincnilla 547

Evoked potential data: Chinchilla 547 was exposed to 50 impulses

having a peak O°2L of 160 dB. The evoked response audiograms
(Figure 3.3.90) indicate that therc was o mild hearing loss at 8
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and 11.2 kiz, but little or no loss in sensitivity at othner
frequencies. Tne post-exposure tuning curves obtained at 0.5,
1.0 and 4.0 kdz snowed little or no cnange in tuning (Figures
3.3.91, 3.3.92, and 3.3.94). Tne 2.0 kHz post-exposure tuning
curve, on tne other hand, was snifted upward and is slignhtly
difrereat from thne pre-cxpusure curve, The most significant
change in tuning occurced at 8.0 kHz where the hearing loss was
greacest. T'ne tip of tne tuning curve was shifted downward fron
8.0 te 3.0 kHz; in addition, therc was a noteh along the high
frequz=r-7 edpe of tue tuaing curve. The effects of the hnigh
frequznay hearing loss can also be seen at 11.2 kidz where the tip
of the “uainz curve is nearly lost as a result of tne exposure.
The evoxed potential results appear to be quite similar to those
seen wi:vh animal 54:. Unfortunately, animal 547 died and we were
unable -2 obtain eviinsr the anatomical or physiological data.

3.3.1% Znoincailia 85720

Evoked o
having 2
animal =21

vosential data: Chinchilla 552 was exposced to 50 impulses
pealr 3SPL of 160 dB. As shown in Figure 3.3.97, the
awed = lcss in sensitivity after the exposure of

approxizitely %-3% 13 across the range of frequencies. The
tuninz 2ucsves ob-incd at 0.5, 1.0, 2.0 and 11.2 kilz (Figures
3.3.9%, 3.3.99, 32.7.100, and 3.3.102) were in general shifted
upward . :mall zsount Without much change in the shape of the
tuning ~urve T2 tuaing curves obtained at 4.0 and 8.0 (Figures

3.3.10%F =nd 3,:.7%2) showed a slight shift in the location of the
tip of t¢== tuninz curve after exposure, In general, however, the
exposur=s seencd Lo have limited effect on the thresholds and
tuning curves of chinchilla 552.

Single unit dat=: fhe units with CFfs below 2.0 kilz gencrally had
low thresholds and relatively narrowly tuned frequency threshold
curves (figures 3.3.1004 and 3.3.105). The units with Cfs between
2.0 and 6.0 kdz, nowaver, had thresholds that were elevated
slightly and tuaning curves that had rather broad tips (Figure
3.3.106 and 3.3.107) often Wwith a blunt "W" shape. Many units
with Cfs above 2.0 uwHz (Figure 3.3.108 and 3.3.109) showed
reasonably good tuning; howWever, the thresiiolds of the units were
somewhat higher tnan normal and higher than one might e¢xpect
based on the evoked response thresholds. The poor sensitivity
amongz the hignh C¥ units is more than likely the result of trauna
induced either by surgery or anesthesia.

0

Anatomical ‘'data: The cochleogram is unavailable for this animal
due to fixation artifacts whica made it impossible to obtain
valid data.

Evoked potential data: Cninchilla 557 was exposcd to 50
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impulses having a peal SPL of 140 dR. The aninal died before the
paysiological and anavoalcal data could bas collectzd; howaver,
cvokad response t“- 23h2)lds and tuning curves are available.

Figure 3.3.110 snow that the animal sustained a loss in
sensitivity of apo"ﬁxLAat :ly 10 to 20 dB at 2 kilz and below while
sensitivity remalned uacnanged at the higher frequencies. Thig

type ¢f low frequency heuaring los3s was seldom scen with the blast
wavas us2d in this expreriment. Little or no cnanges wore noted
in the tuning curves obtalned bitween 2.0 and 11.2 kdz (Figures
3.3.113-3.3.1i6). At 0.5 and 1.0 kHz, where the threshold shifts
Wwere gre=atest, the tuning curves (Figure 3.3.11 and 3.3.12) were
in general displaced upward 10-20 d3 with only a slight
proadzaiag of the tip of the tuning curve.

3.3.12 Chingnilla §03:

BEvokes rorential dz2ta: Chinchilla 603 was exposcd to 50 impulses
naving o p2ax SPL oo 160 dB. As a result of the exposure, the
animal s:stainey a nearing loss of approximately 40 dB at 2 kHz
and below wWwhile tne Thresholds at the higher frequencies showed
little or o chanze frowm their pre-exposure values (Figure

3.3.%V%7:. The suniaz curves obtained at 0.5 and 1.0 kHz were
extreme:y wida {(7igures 3.3.118 and 3.3.119); furthermore, the
ney lag of the tuning curve tended to roll over at
sitics waking the high frequency slope of the curves
rather shallow., On2 interpretation of these results is that the
resporsr Lo the probe results from units not only at the probe
frequenzies, lse from units of higher CF. This point is
made mers dramoiically using the 2.0 kilz tuning curve (Figure
3.3.120); the tip of the tuning curve has shifted from 2.0 kHz to
approximately 4.0 kidz as a result of the exposure. These results
suggest that the response to the 2.0 kHz tone is actually being
mediated by neurons W th CFs near 4.0 kHz. Thus, the scnsitivity
(or thresuold suil't) of the 2.0 kilz region of the cochlea is
probably signilficantly underestimated by the audiogram,. The
tuning curves at 4.0, 8.0 and 11.2 kHz (Figures 3.3.121-3.3.123)
are shifted upward slightly and there is some detuning (Figure
3.3.121) particularly at 4,0 kHz.

Singls unit data: The thresholds of units with CFs pbelow 4.0 kHz
were nhigher tinan normal. The thresinolds of units with CFs near
2.0 kdz were extrenely high and the tuning curves were broad and
quite distorted. For c¢xample, in Figure 3.3.126, it i3 unclear
whether the CFf is 1.9, 1.4, or 0.8 kHz, The units with CFfs near
0.5 and 1.0 kid=z (Fivuras 3.3.124 and 3.3.125) also showed
3ignificant threshold suifts; in spite of this, the tips of the
tuning curves3 were reldvacLy narrow. it is interesting to note
that the high frequency clopes of the low frequency tuning curves
fail to roll over at high intensitie3s as was the case with the
evoked response tuning curve. The differences presumably arise
from the fact that the curves obtained with cvoked response arisec
From a popuvlaition of units along the cochlecar partition whercas
the curve for a single unit represents the output of a limited
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segment of the basilar wmembranc. The tualag curves witin C7s ncar
.0 kHHz wWere typicaliy "W" snapad. As shown in figure 3.3.127,
tne thresholds in tne tail of sowme 4.0 gz tuning curvas were
similar Co tpke evolked response taresnoldz near 1,0-2.0 kiz,

Thus, in noise expossd animals, thera2 iz a propensity for nigh
freqgiiency neurons to conirlbute to responses obluined with Llow
rrequency tones. vdany of the tuning curves obtained frowm units
with CFs above 4.0 kdz showed reasonably good sensitivity and
sharp Tuting suggesting that the niga frequency region of the

<
cochlen +as relatively unaiiected by the exposure.

Anatomi~al data: Figure 3.3.130 contains the cochleogram of

Evoke1

chinchitia 603. Toe animal had a large lesion of inner and outer
hair ¢ .13 centered .t the 5 kidz location of the cochlea. The
apical =14 of the counizca was essentially normal. These data are

unusua. in that tu:y do not correspond with the single unit or
evoked —~sponsz data. The physiological and evoked response data
both =z ;rz2 in shoewing a low frequency loss (30 dB) between 0.5
and 2 5 Wwniie ti: high frequencies (4-~-11.2 kHz) were
essent. :.iy nermAi. Tuls represents the only instance in which
the anacoxsy was in tgtal disagreement. At present wWe cannot
accoun” for this discrepancy.

2} datz: Cninchilla 607 was exposced to 50 inmpulses
naving 2 pzak 32, of 160 dB. The exposure produced little or no
change I~ Stnrezhoad (Figure 3.3.131) and little or no change in
the evosed response tuning curves (Figures 3.3.132-3.3.137).
This animal was the i1east affected by the 160 dB exposure.

Single units duv This particuliar animal had some of the lowest

single unit thresiolds and sharpest tuning curves of any of the
animals wused in tnis study as 1illustrated in VFigure
3.3.133-3.3.143. In many cases, the difference in threshold for
frequencies in th2 tip and tail of the tuning curve wWere as great
as 60-70 dB and the thresnhold of a number of units approached 0
d3 SvL. Tnus, tne bLiast wave c¢xposure seemed tuo have Little
effect on single unit activity in this animal.

Anatomical data: Tne cochleogram of chincnilla 607 (Figure

3.3.144) shows that the blast wave exposure produced little hair
cell loss except nernaps for a small patcn of OHC in the 3.0 kilz
reglion of the cochlea,

3.3.14% Chinchilla 750:

Evoxed potential data: Chincniila 750 was exposed to 50 impulses
having a peak SPL of 15% dB. 5 a result or the exposure, tae
animal sustained a hearing 1lcss of at least 15 d3 at all
frequencies except 11.2 kHz (Figure 3.3.145). The maxiaum loss
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Wwas approxizately 56 d3 at 2 kHoo Tne tuning curves obtainnl at
0.5, 1.0, 2.9 and o.0 (Figures 3.3 146, 3.3.147, 3.3.14L0 ond
3.3.150) were sniftad updard to v

aryin; dogreen dependiang on the
Lloss in sensitivity <t thz probe frequency. Ting most sigaificant
chanzes 1a tnxlng occua~c2d ab 2.0 kidz wheore tane Luniag cursve
condists o two tipo. The 8.0 kin tuaing cucve also odecatie
subsitanr.ially veoalrre alfter the euposure. There was relatively
Lrtelz iange in the 4.0 wdz tuaing curve (Figure 3.3.149) wnich
Is rath=r surpeisin, ziven tne fact trat tuszce was about a 15 dg
loss dn ceansitivity 2t this frequency. No single unit data is

avalrlan_.e siu2e thne :aimal diasd before these cxperiments could be
carried out.

Anatowu.~al data: T.. cochleograa of chinenilla 750 1s shown in
Figure 5,3.15h2. {a: Jcochlea or this animal was rather
interesting in thaat naere Wwas a wmild 5-204 loss of IHC and 0HC
taroug~~ut most o tne cochlea except ror tne region from 1.0 to
4,0 kil wnz2re tnorz was o significant loss of 0dC. Thiis loss of
QHC co- "=sp0nds Lo tha region of greatest hearing loss and
detuni-z, Unifoerzunaratly, the changes in tnreshold observed at
other rreguencies zare not well correlated with the hearing Loss
e. g., 2t C.% and 2.3 «dz.

Evoked Chinchilla 820 was exposed to 50 impulses
having dB, After exposure, the animal showed &

thresnc. ) shiZs of 1u=-30 dB at 1.0 and 2.0 kdz (Figure 3.3.153)
and litzie lossz :n s2nsitivity at other frequencies. The 1.0 kilz
tuning curve Przure 3.3.155) was snifted upward after tne
exposure and tnere was a moderate loss of tuning. The 2.0 kliz
tuning =2uarve (¥.;ur: 3.3.156) was grossly abnormal with the tip
of thz tuning cuiva dlispiaced from the 2.0 to the 4,0 kidz region
of the coechlza. Thz 4.0 kidz tuning curve (Figure 3.3.157) was
also displaced upward; this is somewhat surprising given the lack
ot tnresinold snif't at this frequency. Other tuning curves
(Figures 3.3.1%1, 3.3.158, and 3.3.159) were nearly unchanged.
Single unit data i3 nort availabple siance tne aanlinal died before
the paysiologicil measurements could be obtained.

Anatomical datu: Tine cochleogram of cninchilia 820 is shown in
Figure 3.3.100. Tnrouznout most or the cocitlea there is a mild

v

loss of IHC aad 0#C. However, nezar the 0.5, 1.2, 5.0 and 9.0 kilz
reglons ol tue cochlei bthere are relatively large, but narrow
lesions of BHC and/or Oilo, The locations of the lesions are 1in
general agreenmeat with the frequencies where tne evoked potential
thresnolds aad tuning curves arae abnormal; however, Ln2 changes
appear to be somewnabl greater than one would expect on the basis
of th2 3i1ze of the te3ion.
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3.3.10 Cnianchnilia d52:

datas 11 52 was exposcd Lo 50 iwmpulg=a
naving a peaxk SPi, or > fter the ewxnosure, the thresholds
from V.Y to 4.0 kiiz woere clevated aporoxwmztel" 15-3% d with tne
greatast Loss occurring at 2.0 iz (flgure 3 L161). 'ne 0.5 and
4,0 wdos tuning curves yare snifted upuard after the exposure, but
the tipns of the curvas werce still relatively sharp. Significant

\

CNailgas acourv d in the 1.6 and 2.0 kidz tuning curves (Ffigures

Bvoxked pofenlial

3.3.15 nd 3.3.1648). Tnz tips of the tuning curves were znifted
upwar-d: -o tha 5 ¥iz reglion and tne tips of the curves woere
extren=iy broad., Tne H.0 and 8.0 and 11.2 kHz tuning curves, on
tha ot nand, eilthzr showed no change or were snifted upwards

: i
sligh=lv (Figure 3.2.105-3.3.167).

Single un ¢ata: aApproximately a dozmen units were obtained on

t
tais arimal befor2 the experiment ended. Thus, comparisons WLth
i

anatouw “w‘ evoked raspoase dat are limited. Figures 3.3.1

and 3. 105 are tun_Jg curves from units with CFs near 1-2 kHz;
both un ©3 have exirimoely hlgh thresholds and are relatively
broadly zuned. fpe thnreshoids of units near 4.0 kidz were also
elevat=d, but tec a Losser degree tnan tnose of lowWer CrFy
nevartn-iess, Lh2 tuning curves of these mid-frequency neurons

o
~ ?
were re&_btively browid. The tuning curve of unit 3 (Figure

3.3.170), for ex:smnpi=, i3 interesting since the thresholds in the
tall o Lune tuniag curvoe are lower tnan those with CFs around 1-3

kilz; r'e - -nernor., tne tail thresholds approximate the evoked
- respossza tnresns. fs oeasured at the low frequencies. These
N results Cuzzzst o rnal bthe mlid-frequency ncurons may be mediating
F. the rez-~nse L. . uw-Srequency tone bursts.
- Anatomic:L data: Si;urc 3.3.171 contains the cochleogran of
cnincailiin 8%2 Ther i3 nearly a complete loss of 0HC from

about tnz 0. s 6.0 :Mz regions of the cocunlea. The loss in

~I

T

- sensltirvity and cZhaazaes in tuning in the evoked potentials are
ﬁ' rouzghliy correlataed witn the location of the lesion; howcever, the
" cnangas dppzar Lo b sowmewhat sualler than those observed with
- lesions located nore pasally. The single unit data follows the
genaral contour of tne lesion; however, the changes in tnreshoid
. seem to bhe somawiat greater than tnose observed witn the evoked

response.

e 3.3.17 chinzuilia 350:

'\'ﬁ

B Bvoked poftentiai fdata: Chinchilla 860 was exposed to 50 impulse
F naving a p=ak s5°2i, of 155 dB. fhe exposure produced only a small
N 10-15 dB threanold usnift at the high frequencies (Figure

b 3.3.172). don2 ol the evokaed response tuning curves showed any
ﬂ significant cnanges as a result of the exposure (Figures

", .

" 3.3.173-3.178).

! Single unit data: Figures 3.3.179-3.3.184 are typical single
. unit tuning curves from cnincotlla 550. The tuning curves

:: generally have low thresholds and are narrvowly tuned. Hodever,
I."

.

"a

3¢

-".7 -3




tne thresnolds of some units with C¥s above 10 ks were sligntly
nigner than normal.

Tne coehlzopgram of ceninchilla 860, wnich 1s
no&n i rigure j.3.135, snoWws little or no halr cell losas wWwitu
tha excepiion o a [ew aAlssing nair cells in ths zxtrewme basadt
region of ne cochlea. In suuanary, the 155 &3 blast wave
exposure nad littie or no efflect oun the evoked potential and
Single . nit mceasures and produced virtually no dawmage In the
cocnlan

'~
.

3.3.13 thinzailla 325:

Evoked »ofenbic chilla 925 was exposed to 50 impuls
having =+ peak The exposure resulted in a omali
thresnhs 03 shire kHz of approximately 5-1% dB8 (Figure
3.3.1% .. QOniy anges in tuning were noted; generally the
tuning ~aeves Were dilgplaced upward on the order of 5-10 dB
(Figure: 3.3.737(-3.5.1%52). Thus, tne 153 d3 exposure produced
little or no chauge in the evoked potential thresnolds and tuning
curves,

Single i3 The single unit tuning curves of most

units from ocninel s 425 nad relatively low thresholds at CF and
the ti; . of ths -un: curves wWere quite narrow as illusirated by
Figures 5.3.193-3%,23,198, Apparently, the noise exposure had
Littiz =27fect on tne response patterns of these nerve fioers

-l

Anatomiini duta:r PFigure 3.3.199, wnicn contains tne cocnleogram
of chi idla 9-5, snows littie or no hair cell loss throughout
most of the c¢eocnloa evecept for a punctate lesion of both IHC and
OHC near 4.0 kiz. This lesion did not seem to have a significant
effect on ecither tLhe ecvoked response or single unit response.

3.3.19 Chinchills 940:

fvoked potenciazal d¢ata: Chinchilla 940 was exposcd to 50 impulses
having a p=23xkx 3¢L ol 155 dB. The animal sustained little or no
hearing loss as a reasult of the exposure (Figure 3.3.200) and
tnere were only wminor or insignificant changes i1n the evoked
reapons2 tuning curves (Figures 3.3.201-3.3.206).

Single unit dats: A somewhat sample of 65 units was obtained
betore the K experiment was terminated. Most of tue units tnat
ere studiad~ however, nad retatively low thresholds and tuning
curvas with relativoely snarp tips as illustrated in Flgures
3.3.207-3.3.212. The uanits with very low or very high C¥Fs nad
thresholds thac were sligatly higner than normal, nowever, only a
fed sucn units were obtatned and it seems likely that more
sensitive units would have been found if the experiment had
continued. Aithouza the sample i1s limited, the data sugg2stis
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that tne exposura had tittle effesct on avditory uaorve fiber

; L L LA Tn2 coehlsozran of cninenillia 9hD in Figure
3.3.212 3hows an cuvreonsly suaall and scatteraed looases of O:HC.
Thus, tpere is littie cvidencet that the bldﬁt wave exposure had
any =2ii2ct on the coonlza.

4,0 Di:rassion

The biLzsi wave exposurces used in this study produced a diverse
set of =audiometric, physiologlical and anatomical change2s. A3 one
would =<nect, tuz 155 dB blast wave exposure produced less

traumzsl:2 efrects thne 160 dB blast wave exposuce. Only
thraa o1 the ix anirals exposa2d to the 155 dB cxposure snowed a

loss and/or change 1n sensitivity, while
zniwals exposed to the 160 dB impulse showed
hair cells and a change 1n sensitivity.
23t cochnlear lesions and the nost pronounced

noticz7 .

a siza-=7:
Furtner.

cnanges oLd and tuning were observed in the aainals
exposad 43 inpulse,

The pat~:rn of d=mases vacied widely across aniwmals exposed to
essent i the =272 blast wave level. The extreue range of
variabi.lty cas we ~ppreciated by comparing the results fron
chinchiitias 60 a~d 107, Cninchilla 607 was virtually unaffected
by ths 167 &8 bLilnst wave whareas caninehilla 60 showed nearly a
omple.> ioss 2 Rl and/or 0HdC over the basal two-thirds of the
chlez =znd signifiocant tnreshold shifts and changes in tuning
over al! but tn: low:3t frequsney,., The range of variability wao
much 1253 in tne group of animals exposed to the 155 dB blast
wave., The wide 3 of variablility produced by the blast wave
exposures, espacially In tne 160 d3 group, may be partially
accounted for by ithe ruptures seen in the tympanic adembrance
(anatomy section 3. ?.5). If th2 ruptures wWwere to occur carly in
the exposure, th=n input to tnh2 inner enr would be attenuated
and tne coanLn ,11 he protected Trom further dawmage. Ruptures
of the tympanlc neabrana Wwerae more prevalent in animals oxposced
to thz 150 dd oiast wave than those exposed at 155 dB; tnis nay
account [or the wider rangz of dawage seen in the former group,

althouzn otner f{actors may also play an important rolc.

-
P
&3

Basidaes the enoraous variability in the overall level of damage,
there were also large differences in the pattera of damnage along
the cocnlear partition. In one case, the widtnh of the lz2sion

extendea from the 1.0 to 17.0 kilz region while in other aninals
there was oniy a small puunctate leasion. Freaquently, thz lesion
Wwas located n2ar the middle of the cochlea with relatively noranl
areas of the cochlea on eitner side; nowover, thers were saveral
case3 wnere tae lesion was lociatad in nore bhasal regions of the
cocnlea. Thus, thz focal poiant of th2 lesion 1mmay vary oven

thougn the acoustic spectrum of the impulse has not changed. In
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sena2ral, the Gd0 lesions waere wider and wove severe than thz IHU

wnen taere was a signicnrnat lose of UHC or HC in o a particular

ragion of the conﬁl~' Lhien ne Lanavioral or CeVvoxed rasponse
Lhrest i were gonrally elevated

v
4 n2 heaming losgs was
influenaad sonn;ﬁat by the locati Gl of tne tost freguency
ativ: to tnz lesion. Test : that were ceancercd on
J snifts thoan othar

tnz Do i geeened Lo shoy greut'
es thzt woee located on tie border of th» lesion (eo.g.,
chineh tia 750, Figure 3.3.745). The frequencics bordering tae
lesion prasumably show less threaho'd schift tnan those near thne
centsr U the lesion onzcause tno excitation patbloern has a greater
likell.uod of spillang over inio r) aal regions of the cochlea
a 1 i WO

adjacans to n Thnis 1d be particularly trus il the
high ... iuznecy roz pasal to the lesion wWwere normal., Thne
degres o7 thresne:a suift also sczmed to be roelaled to the
locati_.: crf cwny; the threshold shifuvs associated witn
apicar .31 to be leuss than tnose associated witn the
basa. Tia 3D axcitation towards thz base of the cochlceca
could " ons z2otor contributing to tnis difference.

Single =:iiitory . :rvae [ibars witn Cr's corresponding to the lesion
also o3 Lbpnorna Lo wizh thresholds; however, the threshold
shifte staing . b, isdividual units were typically larger than
those mensnred 1'k» the evoxsd responsce or behaviorally. When
the leolon inoblls both IHC and 0dC, then it was never possible

to lec-.2: Iin ‘ng Crs corresponding to the 1lczion.
Howeve: IT Lo involved just 04C, tacen it was generally
possibiy to Iiw With Crfs corre pondlnb to the location of

L N o
the lazsion (e..., chinenillia 366, Figure 3.3.48). Units with Crfs
locat=da In tn: i of 0idC had grossly abnorwual tuning curves
and Lt was some’ Lo fficult to accurately assigu Cfs to thesco
units. "urtheﬂx;ﬂz, tha tuning curvzs vwere offten "W' shaped with
the tnr=shnold in Lne tail being lower than that In the tip.

ul

In a r2+é insctonses thoers was a slight elevation of threshold in
the absz:ncea ¢f any significant nhair cell loss (e.g., chinchilla
510 and 543). razue slight threshold inereases could be the
result of subitie coshlear patholaogies whiceh are not detcetad with
2 convaationat zcrenleovygran. Alternatively, the threshold shifts
could ve the roesult ol weasurcuent errors, e.p., onc might ratl
to record from %tz most sensitive nerve Cibers assoclated with a
particular regioa of the cochlea or tne evoked response tracings
Alznt be extreasly noisy duriag a ta3t session.

nere ware a variety of cuaagzocs in thz evoked potential and

I
b?havxovql tunin: curves rollowWwing exposure to tne blast waves.

-3

ne chinges in tuning werce nost profound ia regions nere the
nzaring loss and nair catl loss were greatoest. The most
fundamantal wnd eowmon change 1In tuaing was a simple clevation in
the tip of the tuning curve Wwhica rasulted in an overall
broadzning of the tuning ourve. In som2 casces, howoever, th2
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tips of the tuailng curves were displaced either above or below
the probe frequezncy. Tuning curves with tips displaced towards
nigher frequencies generally occurred with mid-cochlear or
low-frequency hearing loss (or apical or mid-cocnlear lasions).
The tip is presuwnmably displaced because neurons witn CFs above

he tip are as sensitive or more sensitive to the probe frequency
than those located at the probe frequency. Thus, the
masxed-tnreshold tuning curve may ma2p out tne response of units
locatsd above the probe (e.g., cninchilla 603).

lTuning cuaurves tips weare ometimes displaced toward lovar
frequencies whan tae evokﬂd response or behavioral thresholds
below the provbe fraequ —1oy were substantially better than those
near t=o= probe. T oWwnward displacement generally occurred for
probe I roguencile: ic:;tod on the low~frequency border of a
high-fr=quency hearing loss (e.g., cinchilla 543 and 459). The
downwar.l shift in the tip of the tuning curve was generally much

u

£

e
w
‘_. (

less tasa: the shift. One obvious reason for this
differ:znvs i3 ti12 mechanical response of the basilar
membrans 3pr yre rapidly towards the basal or high frequency
region <«I Lh l2a than towards the apical or low frequency
area.

TS

.
o
3

The sinzitz unit tuning curves showed relatively systematic
chang=s Z=2pending =2n the location of the unit's CF relative to
the lezinan : ¥ was located basalward of a cochlecar
lesion, -a *1?nﬂld of the unit was relatively normal at CF.
However, tns2 in the tail of the tuning curve was often
lower un:n aoraz: (nypersensitive) and the tip and tail regions
mzrated oy a2 hign threshold notch. Furthermore, the
urves wore "Y' shaped (e.g., unit 126, Figure 3.3.51).
When the CFf was centered on a significant OHC lesion, the
threshoild at CFf wuas generally quite high while the thresholds in
the tail of the tunlag curve were not as severely affected. In
some casa3 th2ra waz a nigh threshold notcih between the tip and
tail rezion (e .‘., unit 4, Figure 3.3.48), consequently, some of
the tuning curvaes w=are "w" shaped. However, in many cases the
tuning curves faileg to show a pronounced threshold minima at any

1reah-

frequency and th2 tuning curves assuned a broad "U" shape (e.g.,
unic 133, Figare 3.3.09) or "V" shape. "W" shaped tuning curves
were also found i tne CF was located along the apical border of

a lesion; agaia, it was common to find a sharp notch séeparating
tne tip from th2 tail of the tuning curve (e.g., unit 14, Figure
3.3.64).

The hypersensitive thresholds that occured in the low—frequenoy
tails of some unita with "W" shaped tuning curves are pobtentially
important for und:rstanding the relationship between tnc
magnitude of nair cell loss and tn2 amnount of threshold shiit
measured bzshaviorally or with th:s evoked reasponse. The
frequencies tnat were hypersensitive in the tails of th2 single
unit tuning curves ware often associated with regions of tne
cochlea with large cochlcar lesions., The throesnolds of tne unite
witn C's correaponding to the location of the 1lnaion in turn hoil
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elevated thresuolds; the tnresnolds at CF were olten highar than
the thresnolds found in tnz hyporsensitive toils of units witn
CFs located above th= lesion. [For exanple, the threshold at 1.0
Kilz of unit 12, wnicha has a CF = 4.0 xilz: (Figure 3.3.127) is
lower tnan that of unilt 28, wnien aas a C7 = 1.0 kHz (figure
3.3.725).  Furthersore, the tnreshold in the tail of unit 12,
which nas a CF of 4,0 iz, closely approx1matvu tne ecvoked
e3ponse utnreshold at 1.0 kdz (Figure S3.117) . These resuits
clearly illustrate now low [requeacy threshoLds can be nediated
by unic: with C¥s located above the lesion, The net effect is
that tn< pure tenz audliogram caa grossly underestimate the
thresheid snift and anatomical damage corrcsponding to a
particu.2r location alony the Dbasilar wmembrane, The
hypers:a3itive talls also help to explain why the tips of
psychoczur-3ical and evauked response tuning curves (e.g., Figure
3.3.120; are displacai toward higher frequencies.

Using .-~ analysis 2f blast wave lesions, a distinction was made
betwazs lesicns which seemed to be the result of direct
mecnani txi damaga2 o tne organ of Cortl versus lesions that
seema2d T2 resuiv rrom mnetaboliec factors. A qualitative
comparison can pbe made of the single unit tuning curves obtained
from ciiinenilias ©3 and 366 that sustained “"mechanical"™ lesions
versus ninchilla 45% that sustained a "non-mechanical" lesion.
The tunl«ﬁé curves obtailned frowm these animals did not seem to
differ =ignificantiy even though the underlying lesions appear to
have bes:s induc=* in a different way. Thus, one might conclude
that the manner o wnlch the lesion is induced does not sceem to
signifizantly Li-Tilucnce the physiological results. However, tnis

view ne=das to L: interpreted cautiously. First, rather limited
physiolosLical J3ta are avalilable from animals with

1uii3. Second, tne data were obtained at least
2 months post ire so that the lesion had resolved itself
into a stable son: snfiguration. The physiological results fron
the two types ol lssions might have been fundamcntally different
during the early stzzes of trauma wihen there is likely to be
significant internixing of fluids from the mechanical ruptures
(e.g., Figure 3.2.2). It would be important to study the

r c

mechanical-tynp:

physiological 23pcases during the early stages of cochlear
b trauana.
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Fig. 3.3.68: Pre- and postexposure evoked response
audiograms from chinchiila 510.
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Fig. 3.3.157: Pre- and postexposure evoked response tuning
curves at 4.0 kHz from chinchilla 820.
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Comparison of Psychophysical
and Evoked-potential Tuning
Curves in the Chinchilla

RicHARD |. SaLvi, PH.D., WiLLiaM A. AHROON, PH.D., JouN W. Perry, P.D.. Anete D. GUNNARSON, M.S.,
AND Dox HENDERSON, Pu.D.

Frequency selectivity was examined in normal-hearing chinchillas using psychophysical
and evoked-potential tuning curves. The acoustic conditions and masking procedures
used for the evoked-potential and psychophysical studies were nearly identical. Fre-
guency selectivities as measured by psychophysical and physiologic techniques were
quite similar across different probe frequencies. The results suggest that the relatively
efticient evoked-potential procedure may be substituted for the time-consuming
psychophysical paradigm. Furthermore, the results are consistent with the view that tun-
ing takes place primarily at the auditory periphery. (Key words: Evoked response; Fre-

quency selectivity; Tuning curves.)

Brainstem electrical responses (BSER) have
become popular metrics for estimating thresh-
olds in both humans and animals. Generally, the
responses have been measured with clicks or
tone pips with fast rise—fall times, since these
signals are the most suitable for synchronizing
the underlying neural activity. Tone pips have
the added advantage that thresholds may be as-
sessed at different frequencies in order to obtain
an ‘“‘audiogram.”' *

One of the important issues surrounding the
interpretation of the BSER data concerns the de-
gree of frequency-specific information contained
in the response. Frequency specificity is
suggested by several properties of the response.
The latency of the BSER decreases as stimulus
frequency increases® in a manner consistent with
the mechanics of the basilar membrane.” Fur-
thermore, the “‘threshold” of the BSER varies
with frequency in roughly the same manner as
the behavioral threshold.®

From the Callier Center for Communication Disorders.
University of Texas at Dallas. Dallas. Texas. Received Mav
14, 1982. Accepted for publication July 12, 1982,

Supported in part by grants from the National Institute of
Health {1-R01-NS1676). the National Institute of Qccupa-
tional Safety and Health (1-R01-OH-00364). and the 1.8,
Army Medical Research and Development Command
(DAMD 17-80-(-0133).

Address correspondence and reprint requests to Dr, Salvi:
Callier Center for Communication Disorders. 1966 Inwood
Road. Dallas, Texas 752145,

More refined techniques have been used to
demonstrate the frequency-specific nature of the
BSER. Don and Eggermont® and Terkildsen et
al.” used a masking paradigm to derive the
frequency-dependent components of the BSER
respirnse. Both studies demonstrated that
frequency-specific information is contained in
the BSER; however, it is difficult to relate the set
of frequency-dependent components of the
BSER to psychophysical measures of frequency
selectivity.

A more direct way of assessing the degree of
frequency specificity of the BSER response is to
measure tone-on-tone masking patterns or tun-
ing curves (TCs). In psychophysical studies, the
subject’s task is to detect a low-level probe tone
that is fixed in level and frequency. The as-
sumption is that the low-level probe excites a
limited number of neurons having best frequen-
cies in the vicinity of the probe tone. A masking
tone then is introduced and adjusted in level
until it abolishes the response to the probe. The
masking procedure is carried out over a range of
frequencies around the probe. Masked thresh-
olds are lowest in the vicinity of the probe and
then increase with frequency separation between
probe and masker.”

The same tone-on-tone masking paradigm has
been employed in physiologic studies to obtain
tuning curves for the compound action potential
(AP) of cranial nerve VIl of man, guinea pig. and
chinchilla® " and Wave I and Wave V' of the

0196-0709 82 1100°0408 $01.80 ¢ W. BB, Saunders Co,
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BSERs from humans and guinea pigs.'*"* These
physiologic TCs are qualitatively similar to those
obtained psychophysically; however, it is dif-
ficult to compare the results since many of
the stimulus conditions used to obtain the psy-
chophysical and physiologic data are differ-
ent. For example, most psychophysical studies
employ tones with relatively long rise—fall times
in order to minimize spectral spread,*'" '*
whereas physiologic studies use short-duration
signals with rapid rise—fall times to maximize
neural synchrony.'*'*'* Comparing TCs from
animals can also be difficult because the
psychophysical measurements are frequently
performed under free-field conditions!® while
the physiologic data are generally collected with
a closed acoustic system and with the middle ear
space vented.'' !

Recently, Klein and Mills'? used identical
stimulus conditions to collect both psycho-
physical and physiologic TCs (brainstem Wave
I and Wave V) from humans. Although the TCs
were qualitatively similar there were some im-
portant quantitative differences. For example, the
bandwidth of the TC 10 dB above the tip was
smallest for the Wave V TCs, followed by Wave I
and the psychophysical TCs. However, when the
TCs were compared at a fixed sound pressure
level (SPL), 76 dB, the psychophysical band-
widths were smaller than the physiologic ones.
While the results of Klein and Mills'® show that
the BSER can provide a reasonable estimate of
frequency selectivity, the results are limited to
one probe frequency. Since the shape of
psychophysical tuning curves systematically
changes with probe frequency,'®!* it is important
to assess the full range of neural tuning, partic-
ularly at low frequencies, where it is difficult to
synchronize the onset response. In guinea pigs,
Mitchell and Fowler'? found a progressive
broadening of the physiologic tuning curves
with decreasing probe frequency. However, no
behavioral measures were obtained, so it is un-
clear how well these physiologic tuning curves
approximate the behavioral measures.

Psychophysical, AP, and single auditory nerve
fiber tuning curves cf the chinchilla have been
measured,'""*!” but TCs from the brainstem have
not yet been obtained. The dominant component
of the brainstem potential in the chinchilla is a
large positive wave which arises primarily from
the inferior colliculus.' One practical reason for
measuring the brainstem TCs is that the poten-
tials can be easily and reliably recorded from
awake chinchillas over many months using
chronically implanted electrodes?; similar AP

measurements are more difficult to obtain be-
cause of the possibility of middle ear infections.
Furthermore, the time and effort required to
collect the evoked-potential measures are con-
siderably less than the time and effort involved
in obtaining similar behavioral measures. Thus,
if the evoked-potential tuning curves can be
shown to approximate the behavioral tuning
curves, one might consider substituting the
evoked response for the psychophysical method
when time and effort are important experimental
variables. The objective of this study was to mea-
sure the brainstem TCs of the chinchilla over a
broad range of probe tone frequencies. In order
to compare the degrees of frequency specificity,
the physiologic and psychological TCs were
collected under similar acoustic conditions;
however, the two sets of TCs were obtained from
different animals because the behaviors required
in the two procedures were mutually incompati-
ble (i.e., jumping in the behavioral paradigm
versus remaining stationary during evoked-
potential testing).

METHOD
Subjects

Four chinchillas were used in the psycho-
physical experiment and another four were used
in the physiologic study. The animals weighed
between 400 and 800 g. Each animal was an-
esthetized and made monaural by surgical de-
struction of the left cochlea.” The probe tone
was presented 15 dB above either the evoked
response or the behavioral threshold; thus, the
absolute SPLs of the probe varied a small amount
from animal to animal and were slightly higher
(approximately 5 to 15 dB) for the evoked poten-
tial than for tlie psychophysical conditions. It
is important to note that both psychophysical
and physiologic studies indicate that the shapes
of the tuning curves are not substantially altered
when the probe levels are varied over a 25- to
35-dB range above threshold.!*'*'" By present-
ing the probe tone near threshold one reduces
the effects of combination tones. Furthermore,
the masker frequencies near the tip of the tuning
curve were at least 20 Hz above or below the
probe frequency to minimize the effects of beats.

Behavioral Testing

Audiograms and psychophysical TCs were
obtained using a shock-avoidance conditioning
paradigm and a modified method of limits (for
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EVOKED-POTENTIAL TUNING CURVES
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;Cc) Figure 1. Psychophysical tun-
n ing curves obtained for one
x animal. The value of Q,, dB is
T 40 indicated below the tuning curve
- tip for each probe-tone fre-
o quency. Open circles indicate
- the probe tone level.
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details, see references 19—21). The chinchilla
was placed in a restraining yoke which fixed the
orientation of its head in the sound field, but
allowed a slight upward motion of the body so
that the animal could register a response. A
stimulus trial consisted of a train of eight tone
bursts {20 ms duration between half-power
points; 5 ms rise—fall time, 2 bursts/s). A re-
sponse during bursts 1 to 4 was registered as a
“hit” and was followed by the presentation of a
safety light for 7.5 seconds. If the animal failed to
respond by the onset of the fifth tone, mild
pulsed shock was delivered to the animal’s tail,
except at near-threshold intensities. A response
to tone bursts 5 through 8 or no response was
scored as a ‘“‘miss.”

Tone Threshold

Testing began at clearly audible levels. After
each correct response, the signal was reduced in
10-dB steps until a “'miss” occurred; then the
signal was increased in 10-dB steps until a “*hit”
occurred. At that point, the step size was re-
duced to 5 dB and four additional threshold
crossings were obtained. The data were accepted
as valid if the threshold crossings differed by 10
dB or less. A total of 48 to 72 threshold crossings
were used to estimate the threshold of the 20-ms
probe tone.

Psychophysical Tuning Curves

The procedures for obtaining psychophysical
TCs are similar to those outlined earlier." Tuning

RIS

curves were obtained with the probe tone at a 15-
dB sensation level (SL). A continuous tone then
was introduced at a low level so that the probe,
which was presented randomly, was clearly audi-
ble. The animal was trained to ignore the con-
tinuous masking tone and to respond to the
probe.

The procedures for determining the fevel of
the continuous tone necessary to mask the probe
were similar to those used to estimate quiet thres-
hold, except that masker level was varied. A total
of at least 12 threshold crossings were used to
compute each point on the psychophysical TCs.

Evoked Response Testing

Chronic electrodes were implanted in the vi-
cinity of the inferior colliculus in four chinchil-
las using procedures outlined in a previous re-
port.? The animals were tested using the same
restraining yoke and acoustic equipment em-
ployed in the behavioral experiments. The acous-
tic signals were identical to those in the be-
havioral experiments except that the probe tone
was presented at the rate of 10/s throughout
the averaging session. The electrical potential
from the electrode was filtered (300 to 1,500 Hz).
amplified (20,000 to 50,000 times) and led to a
signal averager (Fabri-Tek 1070) with artifact-
reject capability. The data were sampled at 25
kHz aver 512 points to obtain a window of 20.48
ms. Normally, 512 samples were collected.
Hewever, if a clear evoked response was present
with fewer samples, the averaging was termi-
nated. No effort was made to measure the actual
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Comparison of average psychophysical and evoked-response tuning curves. Filled

circles and filled squares are the average psychophysical and average physiologic tuning curves presented in dB SPL. The
psychophysical (solid line) and physiologic (dashed lines) tuning curves have been normalized to 0 dB at their tips.

amplitude of the evoked response waveforms,
since only the transition from the presence to the
absence of the evoked response was used to
make a judgement regarding the absolute and
masked thresholds.

Physiologic Threshold

Thresholds were determined with a 20-ms
probe tone with random starting phase and 5 ms
rise—fall times. Testing began at an intensity
that produced a clear and unambiguous re-
sponse. Then the signal level was reduced in
10-dB steps until the response was slightly
above the background noise. At this point, the
intensity step was reduced to 5 dB and addi-
tional samples were collected. Threshold was
the point midway between the highest intensity
where the response was absent and the lowest
intensity where the response was present.

Physiologic Tuning Curves

Immediately following the determination of a
threshold, a tuning curve was collected for that
frequency. The probe tone was presented at a
level 15 dB above the evoked-potential thresh-
old. A coniinuous masker then was introduced
at a level low enough so that a clear evoked po-
tential was obtained. Masker level was sub-

sequently increased in 10-dB steps until the
evoked response was nearly obliterated; then the
step size was reduced to 5 dB and additional
samples were collected. Masked threshold was
the intensity midway between the lowest inten-
sity where the response was present and the
highest intensity where the response was absent.
Masking was employed at frequencies above and
below the probe tone in order to obtain a TC that
could be compared with the psychophysical
data.

RESULTS

Individual Psychophysical
Tuning Curves

Figure 1 shows six psychophysical TCs ob-
tained from one chinchilla at six probe frequen-
cies from 0.5 to 11.2 kHz. At probe frequencies
above 2 kHz, the psychophysical TCs tend to be
asymmetrically shaped on a log-frequency plot,
while those below 2 kHz are nearly symmetrical.
In general, the psychophysical TCs are charac-
terized by a low masked-threshold region near
the probe sandwiched between a steep high-
frequency slope and a somewhat shallower
low-frequency slope. The *‘tail” segment of
high-frequency psychophysical TCs refers to the
region where the low-frequency slope becomes

NORMALIZED MASKED THRESHOLDS (dB)
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extremely shallow, usually 1-2 octaves below
the probe. The transition to the tail segment can
be easily identified in the 11.2-kHz psychophys-
ical TC because of the high threshold notch at
9 kHz that separates the tip from the tail seg-
ment. The transition to the tail segment occurs
much more gradually at lower probe frequencies.
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A popular and useful measure of quantita-
tively assessing the frequency selectivity ot
tuning curves is to compute the Q,, dB value.
defined as the center frequency of the tuning
curve divided by the bandwidth 10 dB above the
minimum threshold. Generally, Q,, dB values
increase with probe frequency. A similar trend

{dB)

NORMALIZED MASKED THRESHOLDS

(dB)
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NORMALIZED MASKED

Volume 3
Number 6
November 1982

413



American

Journa
of

Ntoloryngology

114

ad,

AN

i

L

- $'

)

12 1
o
10 4
.
8 —
o)
o) [¢]
b
o 6 -
(o
N
2 4
0
T T T T TooTg 1
1.0 10.0
FREQUENCY (kHz)
Figure 5. Values of Q,, dB for psychophysical (solid circles)

and evoked-response (open circles) tuning curves. The solid
line represents Q,, dB values for single auditory nerve fibers,
from Salvi et al."

occurs in Figure 1, where the Q,, dB values
range from 1.4 at a probe frequency of 0.5 kHz to
6.1 at a probe frequency of 8.0 kHz.

The psychophysical TCs shown in Figure 1 are
representative of the four animals and are similar
to psychophysical TCs reported in an earlier
study.'® However, the psychophysical TCs of our
chinchillas did not appear to be quite as sharply
tuned as those reported by McGee et al.*

Individual Evoked-potential
Tuning Curves

Before presenting the evoked-potential tuning
curve data, it is important to identify the
evoked-response waveforms obtained with the
tone-on-tone masking paradigm. The top trace in
Figure 2 shows the voltage—time waveform of
the acoustic signal, while the second trace repre-
sents the evoked potential obtained with a 1-kHz
tone pip at 15 dB above the evoked-response
threshold. In the absence of the masker, the re-
sponse consists of a large positive wave at ap-
proximately 11 ms, followed by a negative wave

'-'_.._“q"‘.-'-_.l-_ --_-! . -
NP RSP s

EVOKED-POTENTIAL TUNING CURVES

at 17 ms. Traces 3 through 7 illustrate how the
evoked response is affected by a 1.7-kHz masker.
As the masker intensity is increased, amplitude
decreases and latency increases. There is a rem-
nant of the positive wave with a masker of 68 dB
SPL; however the evoked potential is com-
pletely obliterated at 78 dB SPL. Response
waveforms similar to those were obtained at
other frequency ~intensity combinations of the
probe and masker; the waveform closely resem-
bles those obtained from microelectrodes in the
inferior colliculus.’

Shown in Figure 3 are the six evoked-potential
TCs from a single chinchilla. The evoked-
potential TCs are remarkably similar to those
obtained behaviorally. While the overall simi-
larity is encouraging, a much more comprehen-
sive assessment can be made by comparing the
average behavioral TC and the average evoked-
potential TC at each probe frequency.

Psychophysical versus
Evoked-potential Tuning Curves

The intersubject variability was quite small,
generally less than 8 dB, so that it is reasonable
to average the tuning curves from each condi-
tion. The average evoked-potential and the aver-
age psychophysical tuning curves are shown in
Figure 4. In order to aid the comparison further,
the tuning curves were normalized at their tips
to compensate for differences in sensitivity and
then plotted in the lower portion of each panel.

When the data are normalized, four of the six
pairs of tuning curves (0.5, 1, 4, and 11.2 kHz)
are essentially the same. The bandwidths are
similar for the curves at 2 kHz, except that the
evoked-potential TC has a steeper high-frequency
skirt, while the psychophysical TC has a steeper
low-frequency skirt. The 8-kHz evoked-potential
TC is broader than the psychophysical TC; this
difference is somewhat difficult to explain given
the fact that the 4-kHz and 11.2-kHz evoked-
potential TCs are essentially the same as their
psychophysical counterparts.

A standard metric for comparing TCs is the Q,q
dB value. Figure 5 shows the individual Q,, dB
values plotted as a function of the center fre-
quency of the probe for both the evoked-
potential and the psychophysical measures. The
median Q,, dB values for single auditory nerve
fibers in the chinchilla also are presented to aid
the analysis." It should be noted that the acous-
tic conditions for the single-unit data are differ-
ent from those in the present experiment; how-
ever. this should not significantly influence the
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comparison, since the Q,, dB values are com-
puted over a relatively narrow range of frequen-
cies. The Q,, dB values are in good agreement up
to 4 kHz, and still show considerable overlap at
higher frequencies. At 8 kHz, the Q,, dB values
obtained with the evoked response tend to be
somewhat smaller than the psychophysical data.
Conversely, the evoked-potential Q,, dB values
tend to be larger than those obtained psychophys-
ically at 11.2 kHz. Note that the median Q,, dB
values of single auditory nerve fibers (solid line)
provide a reasonably good fit to the psychophysi-
cal and evoked-response data.

DISCUSSION

Since masked thresholds increase rapidly with
increasing separation between probe and
masker, it seems reasonable to conclude that the
evoked potential elicited by the probe tone syn-
chronizes the response of a limited number of
single units with best frequencies in the vicinity
of the probe. Furthermore, the response appears
to contain considerable frequency-specific in-
formation.

The present results also indicate that the
evoked-potential TCs provide a reasonable ap-
proximation of the psychophysical TCs in the
normal-hearing chinchilla over a broad range of
probe frequencies; the only difference between
the two is a 5-15-dB difference in sensitivity.
The evoked-potential TCs can be obtained easily
in a matter of a few weeks from awake chinchil-
las using the procedures outlined above, but
months of training and testing are needed to ob-
tain the psychophysical TCs. Consequently,
when time and effort are critical experimental
factors, it would be advantageous to use the
evoked-potential TC as an estimate of tuning in
normal chinchillas. While the evoked-potential
TC appears to offer a promising technique for
assessing frequency selectivity, its application to
hearing-impaired subjects needs to be explored
more fully before its use is justified completely.

One important issue in hearing concerns the
origin(s) of tuning within the auditory pathway,
i.e., which structures or processes set the limits
of frequency selectivity of the final detector rep-
resented by the psychophysical TC. There is
some evidence to suggest that tuning is primar-
ily set at the level of the cochlea and that no
further sharpening takes place centrally.?*:*
Other data. however, suggest that the central au-
ditory pathway may provide additional fre-
quency selectivity beyond that seen at the coch-
lea.** ?* Ore way of evaluating this issue is to

Y R

compare the Q,, dB values at different levels of
the auditory pathway with the psychophysical
data. Figure 5 shows that the median Q,, dB val-
ues of single auditory nerve fibers in the chin-
chilla coriespond closely to the Q,, dB values of
the evoked potential that arises in the infrrior
colliculus. Thus, one might argue that the
brainstem nuclei do not substantially alter the
tuning properties established at the cochlea, but
this interpretation shculd be made with caution,
given that the acoustic conditions and testing
procedures for the two conditions are somewhat
different. However, at a more central level, one
finds that the evoked-potential Q,, dB values
show considerable overlap with the psychophys-
ical data, implying that little or no sharpening
takes place beyond the colliculus. Recall that the
acoustic conditions for this comparison are
nearly identical. Thus, the present data provide
support for the view that tuning originates
primarily at the auditory periphery.
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Scanning electron microscoric study of isrulse noise - induced mechanics]
damsge in  the cochles. ReF. Hsmerniksy 6, Turrentines R. Szlvis L,
Hendersony (Callier Centery University of Teusss 1966 Inwood Rosds Dzlleasy
Tesxas 273235)y U, Roberto (Cattedrs D1 Bicescusticar Universits di Baris
Baris Italuy).

RBinaurzl chinchillas were exposed at normal)l incidence to 1460 dB rezhk
SFL  imrulse noise ot the rete of 2 imrulses rer minute for 50 minutes.
Artimals were sacrificed at rost-exrosure times vargindg from ¢ = 0 throush
30 dasus. The cochless were srersred for 5FEM observation using a8 stendard
rrotocol. Tmnedicztoly following exrosures & larsde ( & mm) 2res
of the ordgan of Corti uwas serarated from tts sttechments to the bacsilar
memhrane alond a8 fracture line that follows tine outer sillar cells. The
serarsted cortion of thz ordan of Corti is left flosting in the scala wmedia
with boinh ends att=ached to vighle rortions of the remsining sensory
eritheliz, Sursrrisingivwy in the denuded sreas of the basilsar membranes the
inmer hair cell surface structure remzins coamraratively mormal during the
early oit-exrosure times while outer heir cells in the redion borderind
the main lesion show considereble chandes i cilieg structure and in the
sreearsnca of  the rebiculsr lewmins - cuticular rlate comelex. Scar
formation =nd the 2tbsorrtion/shadocutosis of the free-floasting rortions aof
the ordan of Corti will be describedrs as well as the differing
suscertivilities of  inner and outer hair cell ciliz to morrholodicel
changes.
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ABSIRACT

Forty-five days after iuspulse nolse exposure of either 155 or 160 dB
peak SPL, changes in the vasculature of the cochlea were quantitatively
assessed. Tie condition o tha vessels in the lateral wall and spiral
lanmina of each cochlea was evaluated in terms of 20 mnmorphological
parameters. .ultivariate stiatistical analysis identified the parameters
that were slzrnificantly affected by the noise exposure. Aun evaluation of
these significant paramsters indicates a nat reduction in blood flow to the
cochlea., All of the roise-ezposed cochleas showed vascular changes when
compared to zontrols, and the magaltude of these changss was related to the
amount of hair cel

loss. [ne vascular changes ace presumed to be of a

permanent naturz,

key words: impulse noise, cochlear vasculature, inner and outer hair

cells
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digh levels of noise can adversely affect th2 normal functioning of the

cochlea and result in significant nzaring loss. Structural alterations of
the cochiea dug to noise exposure include seasory cell danage (1,2) as well
43 changes ia the morpaology of vascular elements in the external wall and
the spiral I=1ina (3). Vasaular changes are thougint to ULe relatad to
altered metadolisw due to intense stiwaiation of the inner ear.
Alterations in tha cochlear vascalar structure resulting from noise
exposure hav: been raeported by many autiors, and a cousprehensive review of
this topic uzs recently bp=cn published (4)., Perusal of tin~ Lliterature
Shows that tliz resuits of wuany of the early vascular studies are either
contradictory or difficult to interpret. Neverthesless, there is a general

consensus that noisa dles

IR

1ffect the function and morphoiogy of the
cochlear vasculature, bat o date there i3 little agreement on precisely
how. Sinz=2 most studics have relied on qualitative assessment, there is a
need for a guantita.ive approach to the analysis of the cochlear
vasculature. A recently developed surface technique provides one means for
a quantitative assessue=nt of the vascular system of the cochlea (5,6,7).
This metnod utilizes a rating scheme for evaluation of a variety of
parameters describing norpnology of the vessels of the external wall and
spiral lamina. This uwetnod was used in the present study to determins the
long-term effects of a hign intensity impulse noise exposure on tne
vasculature of tne chinchilla coenlea. Limpulse noise was chosen as the
traumatizing agent in order to cause serious mechanical and metabolic
changes in the cochnlea, thereby creatiug an eavironment in which vascular

chianges were likely to occur.
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Method:

Subjects: Thirty binaural adnlt chinchillas were used. Of these, 5
anipals served as controls, 13 were exposed to 155 dB impulse noise and 12
were exposad to 160 dB impulse noise,

Noise e:xposure: The ilapailses ware generated by a modified shock tube
(compressed air-driven source) coupled to an ¢xponential horn. The impulse
waveform w23 that of a typ.cal blast wave (Friedlander wave) having a. 1.5
msec initial over-pressurs. Tn:z impulses were generated in seai-anechoic
Surroundings o minimize raficcetions. The pressure-time trace as well as
frequency spzctrum of the izpulse are published elsewhere (8). The
impulses w:re presented at a rate of 1 impulse per minute for fifty
minutes, at :stensitie: of 155 or 160 dB peak equivalent SPL (re 20 x 10-0
Pa) to chirzaillas whoss hsuds were fixed so that the wave passed abt a
grazing angle of incidenc2, i.e,, tha long axis of the external meatus was
paraliel to iz advarcing waveflront.

Histology: Forty-five days after the noise exposure, all of the
animals were decapitaied without anesthetie using a gulllotine. The
temporal bones were romoved and the cochleas were imnediately fixed
following one of two different protocols. Five cochnleas from each
noise~expossd group Jere processad according to standard surface
preparation methods. Thls consisted of perilymphatic perfusion with 2.5%

glutaraldenyds in Pipes (Piperazine W,N'-bis [2-ethane Sulfonic Acid])

buffer (pH 7.3), post-fixation witn 1% 030y in Pipes buffer, dehydration to
70% ethyl alcohol, microdissection of half turns of organ of Cortl and

spiral ligament, and mounting of the specimens in glycerol on glass slides
for light microscopic cvaluation. The remaining 50 cochleas wera processad

according to the "solt surface" technique (5,6,7). These cochleous were
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parfused with 2.0% glutaraldeayde in sodium cacodylate buffer (pd 7.4) and
decalcified in 8% 2DIA for a period of 7 Cays. After decalcification a
mid-modiolar cut was iade in each cocnlaa along the long axis and both
halves were stainad with 0.59% 030y, denydrated and nicrodissected.
Dissected speciiwens of tihne lateral wall and organ of Corti were mounted in
glycerol on zlass slides and evaluated by phase contrast microscopy.

Analys’iz:: Evaluation of the hair cell damage and of the vascular
changes wa3 performaed by two different observers, and each was blind as to
group membarinin of the cocnlea and to the other observer's results.
Cochleograws {rom the controi group and the two exposure groups were
categorized according to tna type of lesion that was found. The four
categories wur=2:

a) norzal: cochleas with 24 or less outer hair cell (0dC) loss and less
than 1% innar hair celi (LdC) loss were considered normal,

b) low-iavel scattzred loss: a diffuse loss throughout the cochlea
ranging from 3% to 17} leoss of OHC and from 0} to 8% IHC loss, Most
cochleas in this category showed 3% to 104 OHC loss and less than 1% IHC
loss. Punctate lesions with the sawne percentaze hair cell loss were also
included in this catzgory.

¢) mid-cochlear focal lealon: cochleas with 100% loss of OHC in the 1
kHz to 5 kHz region of :he cocalea and up to 104 JHC loss in same area.

d) severe: cochleas With a lesion beginning around the 1 kidz region and
extending basalward with 1004 loss of OHC and up to 20% loss of [HC in the
same area.

Typical cochleograas from both experiuental groups which dzafine each

category are shown in figures 1 - 4.
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Tne vascular anatomy was evaluated in 49 of the 69 cochleas. Vascular
data w2r2 not coliecizd for five cochle in each of the noise-exposed
groups, and one cocihlea was lost during processing. A subjective
evaluation of the 20 paraagcters described in Table 1 was made for the
regularly occearring vesseis ia each half turn of each cocnlea. The vessels
locatad in inz lateral wall that were evaluated are illustrated in figure
5. They ars radiating arterioles (RAL) and the vessel at the vestibular
nembrane (V3574) in secala vestibuli, the strial vessels (SVS) and the vessel
of tne spirai proaminznze (V335P) in scala media and collecting venules (CVL)
in scala tyuzani. Tne vessel of the tympanic lip (VSIL) in the spiral
lamina was .30 2vaiuated.

A comput:er-assicies! statistical analysis was performed on the data
collected. The statisiics consisted of a stepwise discriminant analysis
procedure (2! which w35 used to identify the paramceters that differentiatcd
between tha 2sntrol sroup and tnz tyo experimental groups. This statistical
test is a multivariate tochaique that identifies variables thabt differ

ording to group weidbership. [he resulls of the analysis coasist of a
hierarchical iisting of the parameters thut are sigaificant (p < 0.05)
predictors of group weoabaranip. Toe analysis was pirformed LJize; Firse,
tite obsarvations [or cach vessel ware coupared to  idonSoty veioel
differences; second, ovservations for ecacn nait tura wvera coonwed Lo
identify location di 28aCES. In addition, nedian values o’ g were

computed for ecach parameter in each vesszsl and in caca aalt turn tor ali

cochleas in the control groupo.
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Results:

Figure 0 shows the percentage of cocnleas from thz control group and
the two impulse noise exposure groups that were classified into each of the
four damage categorics describzd in the methods section. Eighty percent of
the control :coup cochleas were classified normal and the renaining 207
showed low licvel scatteréd hair cell ioss. Fifteen percent of the cochleas
from the 135 4B group and 25} from the 160 dB group were classified normal.
A higher percantage of - - :nlzograans showed Low-level scattered loss in the
160 dB group {48%) than in tne 155 dB group (35%). Mid-cochlear focal
lesions werz ocobserved more often in the 155 dB group (U456%) than in the 160
dB group (17%), while the psrcentage of cochleograms considered severely
damaged was relatively low in both the 155 dB group (4%) and the 160 dB
group (9%).

Median, range ani nistograms for the vascular varliables were computed
for the controt group. Ta=re was a hign degree of uniformity in the
vaéculature of the coairol cochleas. The experimental group results were
then analyzad in relation to the control group. A stepdise discriminant
analysis was computed for each vessel, regardless of turn, in order to
identify those parawmeiers Liabt changed siznificantly as a result of noise
exposure. Tadle 2 preszats a listing of these parameters and also shows in
whicn vessels each paramoter wWas changed as well as the direction of changs
relativz to the contrel zroup. Of the 20 parameters, 9 were found to be
significantly changad by tne noise exposure. In all cases witn the
exception of white blood cells (W3Cs) in the strial vessels, thers was no

difrerence betWz2en tine two noisz-exposed groups. In the case of WBCs,
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there was an increase in the degree of cnange in the 160 d3 group over the
155 d3 group. In the second phase of the analysis, the stepwice
discriminant analysis procedure was rzpeatsd; this time each nalf turan was
evaluated with all wvessels combined in order to identify location
differences. The results are presented in table 3. No difference betwezn
the thres groups was found in the two apical half-turns (T3.0 and T2.5).
Howsver, chanzes were seen {rom the uppzr middle turn (T2.0) through Ui
basal end ¢ the cocnlea.

A "vascui.ogran" was generated for each cochlea to grapnically represent

the vascular changss sea

-

1a that particular cochlea. For cach half turn,
values for the parameters identified by the discriminant analysis procedure
were comparsl to tne nedian value from the control group for that
parameter. The absciubte vatue of the difference in rating between the
experimental cozhleas aad the median value for that parameter from the
control group was conpubtad and a histogram was drawn which reflected
parameters cnanged in cuch half turn and the magnitude of change for each
parameter. These results ware compared to the cochleogram for that
cochlea. Typical vasculograms are showsn in figures 1 -4,

Discussion:

The possibility tnat mabhod of sacrifice may be an important factor
when studying the microvasculature has been raised. 3Santi and Duvall (10)
found thnat the effect of bumatanide treatmsnt on the strial capillaries was
related to method of sacrifice. However, no evidence is available that any
particular method of sacrifice or fixation is superior to others for the
evaluation of vascular mworpnolozy. Both the control and the noiszs-exposed

animals in this study were sacrificed in an identical manner; therefore it
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R Was assused that any artifact associated with method of sacrifice would not
affect the statistical analysis of tnz data.
‘u In terms of hair cell loss, the 155 d3 group containad a higher
&
:f parcentage of padly daaazed cocaleas than thz 160 d3 group (see figurs 6),
> and statistizal tests (b test, p < 0.05) revealad a significant inerease in
* 03
" OHC loss in the 155 dB group. Thesz results agree with our previous study
. (11) in whioh 155 dB paak SPL exposures proved to be more hazardous to the
S hair cell population than nizhar intenslty exposures. Whereas some aspecls
r ‘ . .
: of the mechzarisa underlying this phenonsnon remain obscure, failure of the
' conduc.ive .zezhanism a2t higner intensities has been proposed (11), and
recent evidznes from our laboratory confiris that 160 dB pcak SPL impulse
: noise causes cuptura of the tyapanic membrane approximately 50% of the time
- in the chinz:llla,
" ALl of thz vesa=ls oxaminad except the strial vessels showed a decrease
<,
- in plasima zspzes ditacon the RBCs and the vessel wall.,  This could be
-
" . ~ . .
interpreted as tha rzsalt of vessel constriction, of corpuscular rather
® . - oy . N . .
N than lawrinar blood ficw or of a higher hematocrit. Since lumen
. irregularitics and decreased columns of RBUs were found in 3 of the 6
' vessely, vesssl coastriction iz the most likely explanation for the
Y deer=ase in plasma spac=. Constrictions and irregularities of the vessel
: lumen app=ar to be due to an increasad activity of perivascular cells in
~
i two of the vassels, tne vessel at the vestibular membrane and the
ﬂ collecting venules, Collectively these changes imply a net reduction in
", blood flow followins noise.
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The strial vessels showad chiaagss that were quite diffcreat than the
otner vessels examinad (ssze table 2). Tne only fianding suggesting an
influence on stria vascularis capitlaries was a decrease in d3C columns.
Tne increas: in W3Cs may related to tha fact that damage due to the noise
exposure miy not be fully resolved at the time of sacrifice. Increascd

WBCs may intizate thz pres-ace of an inflammatory reaction in the stria

vascularis. This may also explain ths decreased occurrence of 'gaps' below

the tight cei: junetions of the marginal cells which could be caused by
sWelling of %re strial ceils,

Tne vasculograas revealad a tendency for vascular changes to be
distributed througnout the l2ngth of the cochlea, with an incrcase in the
degree of ciangs in th= aidlle and basal turns where the nair cell danage
Was graatest. Fisurss 1o~ B shod  vasculograns from cochleas representing
each of ths Ioir co.u.iogrim categorias. Thesz figures sugpest a tendency
for vascular change ©o incrcase as degree of halr cell loss increases.
However, statisticai analysis of the vascular data using cochleogram
category as tne grouping variable identifisd no significant difference
betwsen groups on the bdasis of pattern or amount of hair c2ll locs. Th2s
results indicate that s=jparats physiological mechanisus may have baen
responsible for the vascular changes and the hair cell damage.

Since most other studies of the cochlear vasculature were not
quantitative, it is difficult to compare results dirsctly. However,
certain comparisons can be nade. Changes in density of RSCs have been

frequently roported following noise exposure (3,4, 12-17). In our study,

several paramaters rclated to R3C density such a3 a decrease in columns of
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RBCs, an ipcrease in variability in density of n8Cs and o ducrease in
plasma spacz batwzen BBC and vesszl wall are signs that RoC rlow was
affzcted by noise. Othier invzatigators have noted changes in vessel
dirameter followlng noise exposuce (3,12,13,10). Several paraneters
reflecting npzets of veasel lumzn, sueh as lumen  irregularity,
perivascular cells couprassing the luwmen and plasma space betwsen RBC and
vessel wall w2re altered in thz present study. Cnanges in the cellular
structure oI the stria vazuscularls following noise exposure is another
observation tiat has been made in the literature (3,12,16). Tnis study
identified soveral striai poramsters that were influenced by noise.  We
observed an incr=ase in pigwont graanules and pigment clumps in the cells of
tie stria va.cularis as 4211 as a decrease in 'gaps' below the tight cell
Junctioans of the mar;init colls after noise.

Changas in the morynoingy of the vascular systeam after noise exposure
may be caus:i by a varisiy of factors. Amonzg thesc are altered mat.iholice
deuands of the organ of Corti, altered endolymph composition due to mixing
witn perilymph as a rusult of mechanical dawmage or a combination of the tuo
processes (18). The higu inteaslty of both iwmpulse noise levels used in
this study can cause =xtrome mochanical damage to the organ of Corti
leading to a wixing of cndslymph and perilympn. Figure T shows the outer
hair cells and supporting cells btorn a+ay from the basilar wewdbrans in one
3everely damaged cochlea thit was cxposed to 160 dB peak SPL impulse nolse.
The vascular damage seean in such cochleas could be thz result of a general
poisoning of the vasculature caused by the inavitable mixing of perilymph
and endolymph following rupture of the organ of Corti as illustrated in

figure 7. t wAa3 souaawnat sarprising thal severe strial degeneration was

not seen in any of the most severely danazed cocnleas in this study.
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N doiever, sabstantial vascular cioacdes w2re s2en ia tnose noiss-oxposad

cocnleas cataegorized "noraal" in terms of palre czll loss. Tae poilsoning

.

hypothzsis cannot boe used to explain tha2s2 findiags; i1t wmay be more

’
‘
t casonable Lo interpeobl thess changes as secondary to overwhelaing
.
metabolic farigue caused by tha energy demands of ths sensory cells during
04
P ~ . . .
> and following thne exposurs period.
" The pres2nt method of data collection and analysis provides an
increasad sansitivity of analyzis and an opportuaity for standacdization in
¥ an area of .ras2r ear resz2arch that has suffered from a lack of consistency
- in methodosrsgy and of guantification in the past. [Lf future studies can
o
) relate chanzes in vascular paraneters as identified by this method to
: alteration i cochlear function, this method wmay provide 2 worthwnile
A analytiecal =col for tue evaluation of inner ear pathology.
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: TABLE 1: VASCULAR PARAMETERS
y Red Blood Corpuscles (RBCs)
d DENS: density; frequency and spacing of RBCs in vessel Tumen
:2‘ COL : columns; number of rows of RBCs in vessel lumen
53 AGGREG: aggregations and plasma gaps; collections of RBCs and interspaced
}% sections with plasma but without RBCs
o ORIENT: orientation: manner and plane of RBCs in vessel lumen
o VAR: variability; in density of RBCs
Eé PLAS: ptasma space; between RBC and vessel wall
fk Vessel Lumen
jj LM IRRG: ‘luman ivvregularity; local narrowing and widening of vessel lumen
:? PV LUM: parivascuiar cell compressing lumens; occurrence of narrow vessel
* Tumen causod by endothelial cell nuclei and/or pericytes
‘;.3 DIAM: vamen dizmater; width of vessel Tumen l
EE PVS: perivasciilar spaces; spaces surrounding vessel lumen
. Stria Vascularis
g GRAN: granules; pignent formed of fine granulations
.E PIGM: pigment ciumps; clusters or collections of granules
t? VAC: vacuoles in strial surface structure
?E GAPS: 'gaps' between cells; spaces occurring between strial marqginal
Ei cells below the tight cell junctions
Additional Vascular Parameters

AVC: avascular channels

WBC: white blood cells

EMB: emboli in vessel:; bound, clear spaces within vessel lumen

DEP: deposits; osmiophilic materials surrounding vessels

MEL: melanocytes
‘ SPH: precapillary sphincter; narrowing of vessel by perivascular
)
-
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1.-4.  (these 4 figures should appear togoethzr) dranples of cochleograny
from noilsz-exposad aunimals classitied noriaal (1), low level scaltered loss
(2), mid-cozhlicar foecal (3) and savere (B) are shosn in the Lop of esxch
figura. Tae bottonm of cach (igure shows vascalograns for these 4 cochlaeas,
See table ! for definitions of the vascular paraasters.

5. The vess2is of thz lateral wall that were evaluated for vascular
changes. &v¥ = scala vasiibuli, VM = vestibular menmdrane, SM = scala media,
BM = basilar membrane, SI = scala tympani. The vesssl of the tympanic lip
in the spiral lamina was aL30 evaluanted but i3 not shown.

6. Perceataze of cocntzas [roa the control group and the two noisc-cxposed
geroups placad in each category according to hair cell loss,

7. Scanning elecstron alcrogzraphs of tie basal turn of the cochlea frouw an

aninal exposad Lo 1523 4 impulse noise and sacrificed immadiately after tho

o

exposure. (4) shows a 3 wn, section of third row outer hair cells and
gsupporting calls thrat have bean ripped off of the basilar moenbrane by the
force of the impulse. (B) shows the fracture line at the basal end of the

iesion, and (C) snows the reglon of separation of the sensory epithelium

from th2 basilar menbranz at the basal end of the lesion.
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SUMMARY

The vascular anatomy of the chinchilla cochlea was quantitatively
analyzed and compared in animals exposed to 155 or 160 dB impulse noise at
normal (37°C) or elevated (40°C) body temperature. Vascular changes were
found to persist 45 days after exposure in all experimental animals.  Six
parameters were shown to be most susceptible to change in one or more of the
vessels studied. These were irregularities in vessel lumen, plasma spaces
between red blood cells (RBCs) and vessel wall, columns of RBCs, variability
in density of RBCs, pigment clumps in stria vascularis and perivascular
cells compressing vessel lumen. These vascular changes, which are
indicative of a permanent reduction in blood flow, were present throughout
the length of the cochlea with a tendency toward maximum change in areas of
maximum hair cell loss. There was no evidence to support the idea of an
interaction between noise and increased body temperature in the vascular
results. However, the cochleograms from these animals indicate that at the
160 dB exposure level the noise and high temperature did interact to

increase hair cell loss.

key words: impulse noise, temperature elevation, cochlear vasculature,

inner and outer hair cells
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Introduction

One hypothesized mechanism for damage to the organ of Corti is that in
the presence of high level noise the metabolic demands made by the sensory
cells in the cochlea are so great that they are eventually depleted of their
energy reserves and cease to function. If the noise exposure persists,
rupture of the cell membrane and degeneration of the sensory cell may follow
(2). In studies of the effects of noise exposure on the cochlear vascular
system, several authors (6-8,11) have noted constriction of the cochlear

vessels and other changes consistent with a reduced blood flow following the

exposure. When exposure to noise is coupled with high body temperature
which also increases metabolic rate, a situation exists in which blood flow
to the cochlea may be diminished while metabolic demands on the cochlea are
increased due to the concomitant presence of noise and high temperature. We
might expect such an exposure to produce considerably more vascular changes
and to be potentially more damaging to the sensory cells of the cochlea than
exposure to noise at normal body temperature.

Physiological indication that an interaction effect between noise and
high temperature might exist is available. Drescher (5) studied the effect
of body temperature on the cochlear microphonic response (CM) in the

chinchilla. His results showed that the time required to reach asymptotic

threshold shift (ATS) due to a continuous noise was dramatically reduced
!! when body temperature was elevated to 39°C. In a study examining the effect
J f:'
;: of ambient room temperature on the degree of temporary threshold shift (TTS)
b
“:: in human subjects, Dengerink et al (4) found a significant (5 dB) increase
ii in TTS measured at 4 kHz among non-smoking subjects who were exposed to 110
Ve
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't
p
"’5
]
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dB white noise at 380C as compared to non-smokers exposed to the same noise
at 4.50C,

The purpose of this study was to investigate the possibility that high
body temperature could increase the amount of damage to the sensory cell
population and the vascular system of the cochlea following exposure to high
intensity noise. The results of such a study may provide some insight into
the role of the vascular system in cochlear trauma and could affect the
development of damage risk criteria as well. In the work environment,
damaging levels of noise are often accompanied by heat and other stressors
which may interact with noise and increase the worker's risk for hearing
loss; thus an interaction of noise and high temperature could make these

groups high risk populations for noise induced hearing loss.

Methods

A total of 45 adult binaura) chinchillas were used in the study. Each
animal was assigned to one of six experimental conditions. Five animals
served as histological controls, 5 animals had their body temperature
elevated to 400C but were not exposed to noise, 13 animals were exposed to
155 dB peak SPL impulse noise, 5 animals were exposed to 155 dB peak SPL
impulse noise while their body temperature was elevated to 40°C,'12 animals
were exposed to 160 dB peak SPL impulse noise, and 5 animals were exposed to
160 db peak SPL impulse noise while their body temperature was elevated to
400cC,

Temperature elevation: The chinchillas were awake and restrained during
the temperature elevation procedure. A thermostatically-controlled heating

pad was used to raise body temperature. Two thermistor probes were inserted

into the animal rectally; one was used to regulate the heating pad and the

other measured core temperature. At the beginning of each exposure, the
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animal's normal temperature was recorded. All animals had normal
temperatures between 36.5 and 37.59C. To elevate temperature, the
thermostat setting was gradually increased in one degree steps until 40°¢C
was reached; a process which took from 15 to 30 minutes. Then body
temperature was maintained at 409C for one hour. At the end of the hour,
the heating pad was turned off and the animal's temperature was monitored
until it returned to normal, which generally took about 45 minutes.

Noise exposure: The impulses were presented at a rate of 1 impulse per
minute at either 155 or 160 dB peak SPL (re 20 x 10-6 Pa). The impulses
were generated by a modified shock tube coupled to an exponential horn and
were discharged into a semi-anechoic chamber., Each animal was restrained
in a yoke-type apparatus that prevented movement of the head and was
positioned at grazing incidence to the advancing wavefront approximately 45
cm. from the exit of the acoustic horn.

Histology: Post-exposure survival time for the experiment was 45 days.
A1l of the chinchillas were decapitated without anesthetic using a
guillotine. The cochleas were divided into two groups for histological
processing. Immediately after decapitation, the temporal bones from the
chinchillas in the first group {(n = 25) were removed and the cochleas were
fixed via perilymphatic perfusion with 2.5% buffered glutaraldehyde (7.3
pH). The cochleas were stored overnight in glutaraldehyde, then post-fixed
with 1% 0s0; in the same buffer (Piperazine N, N'-bis{ 2 ethane Sulfonic
Acid})) and dehydrated through a series of graded alcohols. The cochleas

were stored in 70% alcohol until microdissected.

The remaining 65 cochleas were processed according to the “"soft surface

technique" of Vertes and Axelsson (10). Decapitation was followed by

immediate removal of the temporal bones and perilymphatic perfusion of the
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cochleas with 2.0% glutaraldehyde in sodium cacodylate buffer (pH 7.4).
After 24 hours in the fixative, the cochleas were decalcified in 8% EDTA for
7 days. A mid-modiolar section was made through each decalcified cochlea,
then both halves were stained with 0.5% 0sO; in Millonig buffer and
dehydrated to 70% alcohol. The same microdissection technique was used for
both groups. In each cochlea, half turns of organ of Corti and spiral
ligament were removed and mounted in glycerol on glass slides for light
microscopic evaluation.

Analysis: Cochleograms were generated for each cochlea. Cochleograms
were.classified into 1 of 4 categories based on type and extent of hair cell
lesion. Cochleas exhibiting no more than 2% outer hair cell (OHC) Tloss
scattered throughout the cochlea and less than 1% inner hair cell (IHC) loss
were placed in the normal category. Cochleas with between 3% and 17% OHC
loss and less than 8% IHC loss that was diffusely spread throughout the
cochlea or cochleas with narrow focal lesions were placed in the low-level
scattered category. Cochleas which had up to 100% loss of OHC in the 1l -5
kHz region of the cochlea and up to 10% loss of IHC in the same region were
classified mid-cochlear focal lesion, and those cochleas that showed 100%
loss of OHC throughout the lower half of the cochliea and up to 20% loss of
IHC were placed in the severe category. Examples of cochleograms from each
category are presented in figures 1-4.

The method and parameters described by Axelsson and Vertes (1) were used
to evaluate the vascular anatomy of the 64 cochleas in group 2 (one cochlea
was lost in processing). Vascular data were not collected on the 25
cochleas in group 1. The vessels that were examined for vascular changes are
illustrated schematically in figure 5. They are radiating arterioles (RAL)

and the vessel at the vestibular membrane (VSVM) in scala vestibuli, the
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strial vessels (SVS) and the vessel of the spiral prominence (VSSP) in scala

media, and collecting venules (CVL) in scala tympani. The vessel of the
tympanic 1ip (VSTL) in the spiral lamina was also evaluated for vascular
change. Each of these vessels was evaluated in each half turn of each
cochlea. A subjective rating was assigned for each of the 20 parameters
which are listed in table 1, and stepwise discriminant analysis (SDA) was
performed on the data (3). This multivariate technique is used to identify
those variables that are good predictors of group membership. The results
consist of a hierarchical listing of the significant variables. The SDA
procedure was performed three times. The first SDA compared the control
group to the temperature-elevation-only group to see which of the 20
parameters were changed as a result of temperature elevation. The second
SDA compared the control group with the two groups involving only noise
exposure to identify parameters changed after noise exposure. The third SDA
compared the control group with all five experimental groups, in order to
detect those variables that showed a temperature/noise interaction.

Vascular changes in individual cochleas were quantified by generating
vasculograms. For each half turn, values for the parameters identified by
the stepwise discriminant analysis procedure were compared to the median
value from the control group for that parameter. The absolute value of the
difference in rating between the experimental ears and the median value for
the parameter from the control group was computed and a histogram was drawn
which reflected the parameters changed, location of the change and magnitude
of the change.

Results

Cochleograms: The results of the cochleogram classification for all 90

cochleas are summarized in figure 6. Eighty percent of the cochleas from
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the control group and 90% of the cochleas from the
temperature-elevation-only group were classified normal. The other 20% of
the control group cochleas and 10% of the temperature-elevation-only group
cochleas fell into the low-level scattered loss category.

There were more cochleas classified normal in the 155 dB impulse noise
+ heat group (50%) than in the 155 dB impulse noise group (15%), while more
cochleas were classified into the mid-cuchlear category (46%) and the severe
category (4%) in the 155 dB group than in the 155 dB + heat group (30% and
0% respectively). Therefore, for the 155 dB noise exposure a greater
percentage of badly damaged cochleas were seen in the group exposed at
normal body temperature than in the group exposed at elevated body
temperature.

Twenty-six percent of the cochleas in the 160 dB impulse noise group
were classified normal and 48% were classified low-level scattered loss,
while none of the 160 dB impulse noise + heat group were classified normal
and onliy 10% fell into the low-level scattered loss category. Sixty percent
of the 160 dB + heat group showed severe damage and 30% had mid-cochlear
lesions as compared to 9% severe and 17% mid-cochlear lesions in the 160 dB
jmpulse noise group. Therefore at 160 dB the group exposed at elevated body
temperature contained a much greater proportion of badly damaged cochleas
than the group exposed at normal body temperature.

Table 2 shows the mean and standard error of the mean (SEM) for each
group for both inner hair cell loss and outer hair cell loss. A one-way
analysis of variance test was performed to compare the amount of hair cell
loss across the six groups. A significant difference was found between
group means for both inner hair cell loss (F(5,82)=3.78,p < 0.005) and outer

hair cell loss (F(5,82)=8.59, p < 0.001). Dunnett's test of multiple
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E' comparisons (12) was used to determine which group means differed from the

! control group mean. This test revealed that group 3, the 155 dB 1impulse
noise group, and group 6, the 160 dB impulse noise + heat group had

; significantly more outer hair cell loss than the control group and that only
in group 6 was there a significant increase in inner hair cell loss over the

control group.

Vasculograms: Vasculograms were drawn for cochleas from the control
group and from each of the five experimental groups (see figures 1-4). All
cochleas in the five experimental groups showed vascular changes which were
present from the apex to the base with a slight tendency towards increased )
vascular changes in the middle and lower turns. In the 4 groups that were F
exposed to noise, there was a tendency for the degree of vascular change to

be proportional to the amount of hair cell loss. In other words, cochleas

N SN

classified into the normal and low-level scattered loss categories for hair
cell loss showed fewer vascular changes than cochleas classified into the

mid-cochlear and severe categories.

NASAS]

Vascular analysis: Table 3 summarizes the results from the three
X stepwise discriminant analysis procedures. All parameters that were found
to be significant by the SDA procedures are listed along the left hand
margin of the table. The arrows indicate direction of change (i.e. increase
or decrease) in the parameter in the experimental groups relative to the
control group. Of the 20 parameters entered into the analysis, 13 were
significant in at least one case. These 13 variables are listed in
descending order according to the number of times that they were significant
predictors.

An examination of all the parameters that were significant in the SDA

including all six groups revealed no effects attributable to an interaction
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between elevated body temperature and impulse noise. In each case the
pattern of change was such that there was an effect of heat and an even
greater effect of noise; however, there was no increase in vascular change
in the impulse noise groups exposed at elevated body temperature as compared
to the impulse noise groups exposed at normal body temperature which we
would have expected if an interaction of noise and heat were present.

There were 7 instances in which we found an effect of temperature and an
effect of noise, indicated by 'BOTH' in table 3. Since these parameters
were significant in all three SDA procedures, they represent those
vessel/parameter combinations that are most vulnerable to cochlear insult
from our experimental manipulations. This pattern was found for: the
parameter plasma spaces between RBCs and vessel wall in radiating
arterioles, the vessel of the spiral prominence and collecting venules; the
parameter lumen irregularities in the vessel at the vestibular membrane and
collecting venules; the parameter columns of RBCs in the strial vessels; and
the parameter describing variability in density of RBCs in the vessel of the
spiral prominence.

We considered an effect to be 'robust' if a parameter was significant in
the SDA including all six groups and in the control vs. heat SDA or the
control vs. noise SDA but not both. There was only one instance of a robust
effect of temperature elevation, indicated by 'HEAT' in the table. This was
for the parameter pigment clumps in the spiral prominence. There were seven
instances of robust effects of noise, indicated by 'NOISE' in the table: for
the parameter plasma spaces in the vessel at the vestibular membrane and the
vessel of the tympanic lip; for the variable lumen irregularities in the
vessel of the tympanic lip; for the parameter columns of RBCs in radiating

arterioles and collecting venules; for the parameter pigment clumps in the
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'g strial vessels and for the parameter perivascular cell compressing lumen in
-3 the vessel at the vestibular membrane.

b: There were five instances of temperature effects, indicated by 'heat' in
" the table: for the vessel at the vestibular membrane the parameters

:;f describing avascular channels and density of RBCs; for the strial vessels
5: the parameter lumen irregularities; for collecting venules perivascular

;? spaces surrounding the vessel lumen; and for the vessel of the tympanic lip
:ﬁ the parameter perivascular cell compressing lumen.

:: In five instances there were noise effects, indicated by 'noise’' in the
;E table: in the strial vessels, granules in the cytoplasm of the strial

:; marginal cells, gaps between strial marginal cells and occurrence of white
}: blood cells; around the vessel of the spiral prominence the parameter

ZS melanocytes; and perivascular cells compressing vessel lumen in the

- collecting venules.

'i One issue concerning the cochlear vascular system has been the

!g relationship between the location of vascular damage and damage to the organ
> of Corti. Axelsson and Vertes (1) cited a number of studies in which no
7; regular correlation was found between site of vascular change and site of
@g hair cell loss, as well as other studies in which a predictable relationship
2 between the two factors was found. A stepwise discriminant analysis was

-;; performed for each half turn of each cochlea to see if the vascular changes
ES found in this study were located in the same cochlear region where hair cell
2 loss occurred. The results showed no difference between groups in the

E; apical turn. Lumen irregularities was identified as a significant variable
3 in the middle and basal turns. Plasma spaces between RBCs and vessel wall
. was also a significant variable in the lower middle and upper basal turns.
;5 Figure 7 displays these results, and indicates that the location of maximum
:
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vascular change does seem to correspond to the area where greatest hair cell
loss was seen in the mid-cochlear and severe lesion cochleograms. However,
some vasculograms from the temperature-elevation-only group showed the same
tendency toward increased vascular changes in the lower middle and upper
basal turn. This may indicate that the configuration is related to some
factor other than the noise exposure, perhaps a greater susceptibility to
vascular change in general in the lower half of the cochlea.

Discussion

Our decision to use impulse noise was dictated by a desire to maximize
trauma to the organ of Corti. We hoped to enhance the chances of seeing
interaction effects of noise and temperature and to produce vascular changes h
as a result of this insult. The significant increase in outer and inner

hair cell loss in the 160 dB impulse noise + heat group may be attributable

to a synergistic interaction of impulse noise and elevated body temperature.
However, no such interaction was seen in the 155 dB impulse noise + heat
group. In fact, this group showed the highest percentage of “normal®
cochleas of any of the 4 groups involving noise exposure. The only other
group which differed statistically from the control group was the group
exposed to 155 dB impulse noise at normal temperature, which showed an
increase in outer hair cell loss. These results are not what we would
predict if a synergistic effect existed between elevated temperature and

N noise. Any clear effect was certainly obscured by the extreme variability
;! encountered in all four of the groups involving noise exposure. This

. variability is common for impulse noise exposures, and may be attributable

either to small sample size, individual susceptibility or possible tympanic
membrane rupture in some animals due to the impulse, Our results indicate

that temperature elevation alone does not cause hair cell damage. Nine of
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the 10 cochleas taken from the animals which only had their body temperature )
elevated had normal sensory cell populations and showed only occasional

missing hair cells, and the tenth cochlea showed low-level scattered hair

cell loss which may be attributable to pre-existing conditions.

The results of the vascular analysis are less variable than the hair
cell data. All cochleas that were analyzed for vascular changes in the five
experimental groups showed vascular changes throughout their length. Since
the evaluation of the vessels was performed without knowledge of group
membership of the cochlea being evaluated, the fact that the data collected
on the control cochleas clearly separated out from the experimental groups
provides verification that the vascular changes seen in the experimentally
manipulated cochleas are the result of that manipulation.

The results of the statistical analysis of the vasculazure identified 25
vessel/parameter combinations that showed significant change after
temperature elevation, noise exposure or both. In general, all vessels
seemed more susceptible to change due to noise exposure than temperature.
Of the 25 entries in table 3, 19 included an effect of noise while only 13
included an effect of temperature. In those cases where both an effect of
noise and an effect of temperature was seen, the vascular change was always
greater in the group where noise was a factor. There was no indication that
either noise or temperature elevation was more important in any particular
vessel; temperature effects and noise effects were seen in all six vessels
studied. Likewise, all parameters that appear in more than one vessel were
significant sometimes in the temperature analysis and sometimes in the noise
analysis.

Both a decrease in plasma space and an increase in lumen irregularities

imply a reduced blood flow. Such a reduction is further indicated by the
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decrease in columns of RBCs found in the strial vessels as well as the

radiating arterioles supplying them and the collecting venules draining

Rg them. An impairment of blood flow may also account for the increased

3 variability in density of RBCs and the decreased density of RBCs in the

N vessel at the spiral prominence. All these vascular changes considered

% together indicate a decreased blood supply to the cochlea. This decrease in
?E cochlear blood supply may be due to different mechanisms in the heat and
i noise conditions. The decrease in columns of RBCs seen in radiating

E; arterioles and collecting venules after noise may reflect a vasoconstrictive
EE effect. Since decreased columns of RBCs were not found after heat, perhaps
i another explanation, such as a slowing of cochlear blood flow, may be more
S; defensible in explaining the results of the heat condition.

E; Another prominent feature in the results of the vascular analysis was
> the increased occurrence of pigment in the form of clusters of pigment
;% granules and pigment clumps free in the cytoplasm of the strial cells, and
ES melanocytes surrounding the vessel of the spiral prominence. These findings
: may suggest an inflammatory reaction in the stria vascularis. A description
E} of pigment granules in the marginal and transitional cells of the stria and
E: the cells of the spiral ligament can be found in Spoendlin (9), wiho raised
:: the possibility that these structures may be related to thermoregulation in
:é the cochlea. In our study, increases in pigment were not always related to
:3 temperature effects, but were seen in some vessels where their increase was

attributed to an effect of noise. Ward and Duvall (11) reported dark
inclusion bodies in the stria vascularis after noise exposure. MWhatever the

cause, our results do provide evidence for an increase in pigment in the

stria vascularis following cochlear insult.

In this study, substantial changes in the cochlear vasculature were seen
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in all experimental animals, including those which had their body
temperature elevated but were not exposed to noise. The same vascular
parameters were affected in the temperature-elevation-only group as in the
other experimental groups. This suggests that the inner ear is susceptibie
to long term changes in vascular morphology as a result of ilimited exposure
to elevated body temperature. The addition of other stressors, in this case
impulse noise, did not substantially increase the amount of vascular change.
This argues against any sort of synergistic interaction of noise and
elevated body temperature on the vasculature, and may indeed be indicative
of a generalized reaction to stress regardless of the source. The fact that
changes in vasculature morphology were seen in noise-exposed cochleas that
showed no sensory cell damage may indicate that the vascular system of the
cochlea is initially more susceptible to cochlear trauma than the sensory

elements. Permanent changes in the cochlear vasculature may have an impact

on the cochlea, especially in situations that are metabolically demanding.
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FIGURES

1. Cochleogram (top) and vasculogram (bottom) from the left cochlea of
a chinchilla which had it's body temperature elevated but was not exposed to
noise. Even though this cochlea was classified normal in terms of hair cell
loss (see text), substantial vascular changes were found throughout the
length of the cochlea.

2. Cochleogram (top) and vasculogram (bottom) from the left cochlea of
a chinchilla exposed to 160 dB impulise noise at elevated body temperature.
The cochlea was classified in the low-level scattered loss category in terms
of hair cell loss (see text) and the vascular changes are greatest in the
area of the external wall corresponding to the region of the organ of Corti
containing the narrow focal lesion.

3. Cochleogram (top) and vasculogram (bottom) from the left cochlea of
a chinchilla exposed to 155 dB impulse noise at normal body temperature.
This cochlea shows a mid-cochlear focal lesion (see text) and vascular
changes which are evenly distributed throughout the length of the cochlea.

4. Cochleogram (top) and vasculogram (bottom) from the left cochlea of
a chinchilla exposed to 155 dB impulse noise at normal body temperature.
This cochlea showed severe hair cell loss (see text) and substantial
vascular changes which are greatest in the area of the external wall
corresponding to the maximal hair cell loss.

5. Schematic illustration of the vessels evaluated for vascular
changes. The vessel of the tympanic lip in the osseous spiral lamina was
also evaluated. SV = scala vestibuli, VM = vestibular membrane, SM = scala

media, BM = basilar membrane, and ST = scala tympani.

---------

-----
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6. Percentage of cochleas classified into each of the four categories
in terms of hair cell 1loss. Group 1 = control, group 2 =
temperature-elevation-only, group 3 = 155 dB impulse noise, group 4 = 155 dB
impulse noise at elevated body temperature, group 5 = 160 dB impulse noise
and group 6 = 160 dB impulse noise at elevated body temperature.

7. Composite vasculogram showing results of stepwise discriminant
analysis by half cochlear turn including all six vessels. No difference was
found between groups in the apical turn (3.0 and 2.5) but significant

changes were found in the lower middle (1.5) and upper basal (1.0) turns.
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TABLE 1.

DENS:
coL:
AGGREG:

ORIENT:
VAR:
PLAS:

LM IRRG:

PV LUM:

DIAM:
PVS:

GRAN:
PIGM:
VAC:

GAPS:

AVC:
WBC:
EMB:
DEP:
MEL:
SPH:

VASCULAR PARAMETERS

RED BLOOD CORPUSCLES (RBCS)

density; frequency and spacing of RBCs in vessel lumen

columns; number of rows of RBCs in vessel lumen

aggregations and plasma gaps; collections of RBCs and interspaced

sections with plasma but without RBCs

orientation; manner and plane of RBCs in vessel lumen

variability; in density of RBCs

plasma space; between RBC and vessel wall

VESSEL LUMEN

lumen irregularity; local narrowing and widening of vessel lumen

perivascular cell compressing lumen; occurrence of narrow vessel

Tumen caused by endothelial cell nuclei and/or pericytes

Tumen diameter; width of vessel lumen

perivascular spaces; spaces surrounding vessel lumen

STRIA VASCULARIS

granules; pigment formed of fine granulations

pigment clumps; clusters or collections of granules

vacuoles in

strial surface structure

gaps between cells; spaces occurring between strial surface cells

ADDITIONAL VASCULAR PARAMETERS

avascular channels

white blood

emboli in vessel;

cells

bound, clear spaces within vessel lumen

deposits; osmiophilic materials surrounding vessels

melanocytes

precapillary sphincter; narrowing of vessel by perivascular elements
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v TABLE II. RESULTS OF HAIR CELL ANALYSIS
{

Y

?,'_' INNER HAIR CELL LOSS

) GROUP # 1 2 3 4 5 6
1A
b MEAN 6 10 42 27 41 102*
A SEM 2 6 10 11 12 34

.-..u

n“-.

;:;-, OUTER HAIR CELL LOSS

iy

WCY GROUP # 1 2 3 4 5 6

L5 MEAN 205 110 932* 416 546 2120*
SEM 65 47 138 127 136 595

- Results of one-way analysis of variance for inner and outer hair cell
, loss. Group 1 = control, group 2 = temperature-elevation-only, group
3 = 155 dB impulse noise, group 4 = 155 dB impulse noise + temperature
;'_: elevation, group 5 = 160 dB impulse noise and group 6 = 160 dB impulse
noise and temperature elevation. *denotes significant difference from
A control group.
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TABLE TII. RESULTS OF VASCULAR ANALYSIS

RAL VSVM
PARAMETERS
PLAS BOTH NOISE
LM IRRG BOTH
coL NOISE
VAR
PV LUM NOISE
PIGM
AvC heat
DENS heat
PVS
GRAN
GAPS

WBC

- P = = P e P P = = =

MEL

Y 2. l" e,

BOTH

L

(SDA) procedures.
HEAT

2 ORRRR)

heat = significant in control vs. heat

AR

DY L AAN

&
.
p

h 3

Xzl LABBA

..................
----------------------------
- - °

VESSELS

SVS VSSP

BOTH
heat
BOTH

BOTH

NOISE HEAT

noise
noise
noise

noise

SDA.

noise = significant in control vs. noise SDA.

......
.....
e * - -

CvL VSTL
BOTH  NOISE
BOTH  NOISE
NOISE

noise heat

heat

statistically significant in all three stepwise discriminant analysis

significant in control vs. heat SDA and SDA including all six groups.

NOISE = significant in control vs. noise SDA and SDA including all six groups.

...........
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CELL LOSS
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N
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0. N Ao I |
Total Lengths 17.85mm.

0 20 40 60 80 100

% TOTAL DISTANCE FROM APEX

DENS DENS

DENS
DENS AVC PV LUM

DENS AVC

VvV LUM DENS
PV LY PIGM

PV LUM PV LUM

VAR PV LUM AVC
VAR PIGM
VAR

coL VAR VAR

PV LUM
LM IRRG LM IRRG LM IRRG LM IRRG LM IRRG VAR

3.0 2.5 2.0 1.5 1.0 0.5
APEX BASE
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